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ELECTRICAL AND MECHANICAL FACTORS IN THE 
ADAPTATION OF A MAMMALIAN MUSCLE SPINDLE 


By O. C. J. LIPPOLD, J. G. NICHOLLS* anv J. W. T. REDFEARNT 
From the Department of Physiology, University College London 


(Received 7 August 1959) 


Sensory nerve endings usually respond to maintained stimulation by the 
generation of a train of impulses declining in frequency with time. In some 
receptors, for instance the Pacinian corpuscle (Hubbard, 1958) and 
receptors in the skin of the frog (Loewenstein, 1956), adaptation largely 
depends upon mechanical factors. In these instances adaptation is rapid, 
and the impulse frequency falls abruptly to zero ; the muscle spindle behaves 
differently in that its response consists of two phases—an initial high- 
frequency burst, followed by a steady discharge (Matthews, 1931, 1933; 
Katz, 1950; cf. Eyzaguirre & Kuffler 1955). 

It seemed likely that the rapid first phase in the discharge of the muscle 
spindle was analogous to the quickly adapting response of the Pacinian 
corpuscle, and was thereforé also due to mechanical factors. Ifthe electrical 
properties of the membrane of the nerve terminals were responsible for the 
adaptation, then one would expect that electrical polarization applied to 
the nerve terminals themselves would also produce such an adaptation in 
two phases. If polarization does not give the two phases which are produced 
by stretch, then the difference might be due to mechanical adaptation. 

We have recorded from a single mammalian muscle spindle and have 
compared the effects of electrical and mechanical stimulation on the same 
ending. 

METHODS 

Preparation. In all experiments the tenuissimus muscle was dissected from a cat or 
kitten previously anaesthetized with sodium pentobarbital 40 mg/kg (Abbott Laboratories) 
injected intraperitoneally. We used the central part of the muscle, which contains 5-10 
stretch receptors arranged in series longitudinally down the middle (Boyd, 1956). The isolated 
preparation was mounted in Krebs’s solution of composition (mM): NaCl 115, KCl 4-6, 
NaHCO, 24-1, CaCl, 2-46, MgSO, 1-15, KH,PO, 1-15, glucose 8-85. A mixture of 95% O, 
and 5% CO, was bubbled through the bath. The bath contained 15-20 ml. Krebs’s solution, 


which was changed at frequent intervals. The temperature could be maintained at any 
desired level, usually 37° C. The muscle was clamped at one end by a pair of forceps (insulated 


*Beit Memorial Fellow. Present address: University Laboratory of Physiology, Oxford. 
+ Present address: The Medical Research Council’s Clinical Psychiatry Research Group, 
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from earth) on a rack and pinion so that the resting length could be varied. The other end 
of the muscle was tied to a rod through which it could be given step-wise or sinusoidal 
stretches. The square-wave mechanical displacement was produced by an electromagnet 
or a vacuum-operated bellows. The sinusoidal displacement, of variable frequency or 
amplitude, was applied by means of a cam and slider system. The resulting movement of 
the muscle was displayed on one beam of an oscilloscope by means of a transducer (RCA 
5734). 

Recording. The recording of afferent activity was made from single spindles. Single 
afferents were obtained at first by the laborious process of splitting down the main nerve 
trunk to the muscle. A far more convenient method was to make use of the anatoinical 
features of the preparation, which are shown in Fig. 1. The small twigs usually contained 
one or two afferent fibres from muscle spindles, in addition to motor fibres. Single-fibre 
preparations were obtained by dividing these twigs. Responses from single spindles could 
be recorded up to 36 hr after the dissection. The preparation would also survive for many 
hours immersed in liquid paraffin. 





Fig. 1. Diagram showing tenuissimus muscle of the kitten with nerve supply (n) 
and position of recording and stimulating electrodes for polarization experiments. 
P is the pelvic end and T the tibial end. Cuts have been made at (a) and (6) leaving 
only the twig for recording. 


The nerve was placed on the wick of a non-polarizable electrode which consisted of an 
Ag-AgCl wire dipping into an agar-saline bridge. Electrodes were arranged either for 
dipolar recording from the nerve, or with one electrode on the muscle (Katz, 1950). The 
nerve, and in some cases the whole preparation, could be raised into a layer of liquid 
paraffin for recording purposes. A cathode-follower input stage fed into either an a.c. or 
a d.c. amplifier connected to a cathode-ray oscilloscope. Grid current was less than 10-" A. 
Polarizing electrodes were of the same form as the recording electrodes and were placed on 
the muscle on each side of the supposed position of the nerve ending; in some cases one 
electrode was put on the nerve twig itself (Edwards, 1955). 

Square waves were produced by a circuit giving pulses of variable duration, polarity and 
voltage, balanced about earth; a swamping resistance of 4-7 MQ in series with the prepara- 
tion was used to eliminate the effects of changes in resistance of the preparation. 

It was necessary to ensure that the applied current was polarizing the nerve terminals 
and not producing its effects by direct stimulation of the nerve trunk or the muscle. The 
following precautions were taken: the muscle was raised into paraffin and blotted to remove 
saline and so prevent current spread; it was carefully observed under the microscope 80 
that current strengths could be kept well below those which caused twitching of individual 
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fibres; curare 5 x 10~-* (w/v) was used as an additional safeguard, although with the stimulus 
strengths used there was no evidence that large or small motor fibres were being excited. 
Only if considerably stronger stimuli were used did spikes from other fibres appear in the 
recording. The criteria for assuming that the spikes produced by the polarizing current were 
due to an effect on the ending, rather than on the whole nerve trunk, were (a) the effects of 
the current and stretch of the muscle would summate, (b) pinching the nerve within the 
muscle as close to the receptor as possible abolished the effect, (c) the position of the elec- 
trodes was critical to within 1 mm, (d) the effect was not obtained by simply stimulating 
the nerve, and (e) when current flowing in one direction increased the rate of firing, then 
reversing the flow decreased it. 


RESULTS 
Polarization of the nerve endings 


In a slightly stretched muscle, showing a discharge from the spindle, 
the application of a direct current through a cathode near the receptor 
increased the frequency of firing. If the muscle was relaxed, and there was 
no discharge, then a train of impulses was initiated. If the polarity was 
reversed with the anode near the receptor, the frequency was reduced or 
firing was abolished (Fig. 2). 


a 





1 sec : 


Fig. 2. a, Effect of d.c. on steady discharge due to stretch. Upper record, action 
potentials from single muscle spindle; lower record, current flowing through 
preparation, upwards spindle —ve, downwards spindle +ve. Depolarization 
causes increase in frequency; hyperpolarization stops the discharge. b, Effect of 
d.c. on relaxed spindle. Only depolarization causes a discharge. 


The alteration in frequency was closely related to the applied d.c. 
(Fig. 3), as in the frog (Edwards, 1955). The relationship did not hold 
when the d.c. produced twitching or stopped the discharge completely. 

The discharge produced by d.c. was regular, and the frequency remained 
constant during the entire period of depolarization (Figs. 2 and 4). In 
Fig. 4 it can be seen that the frequency was 27/sec when the d.c. was applied 
and was still the same after 1-3 sec. At threshold, d.c. either initiated a 
regular train of impulses or none at all. In a few spindles there was a 
gradual decline in frequency of a few impulses per second during the course 
of polarization, but this never amounted to more than 10% of the initial 
frequency. There was an upper limit to the frequency which could be 

14-2 











212 0. C.J. LIPPOLD AND OTHERS 


obtained by depolarization, because if the voltage was too high stimulation 
of the muscle fibres interfered by producing a contraction. If the muscle 
was observed to twitch with these high voltages a high-frequency burst 
of firing was often seen, presumably as a result of intrafusal contraction. 
Only voltages well below twitch threshold were used in our experiments. 
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Fig. 3. The relationship between change in firing frequency (ordinate) and applied 
d.c. in relative units. Current flow through muscle less than 4 wA. Muscle slightly 
stretched to give a steady discharge of 16/sec, hence points corresponding to 
— 16/sec indicate that polarizing current has stopped the discharge. 


The effect of stretch 


At 37° C the spindles were silent when the muscle was relaxed. The effect 
of mechanical stretch was quite different from that of d.c. The response 
occurred in two phases, an initial burst of impulses at a high frequency 
followed by a maintained discharge at a much lower frequency (Matthews, 
1931, 1933; Katz, 1950). 

In Figs. 4 and 5 the effects of stretch and depolarization on the same 
muscle spindle are shown. With the stretch response the firing frequency 
in the initial burst was 92/sec and fell to 25/sec in 0-3 sec. It remained 
at about 25/sec for a further 1 sec. This is in contrast with the constant 
frequency of 27/sec maintained during the entire period of electrical 
stimulation. This difference was found in all twenty fibres. 

In contrast again with the effect of d.c. on the endings, a threshold 
stretch produced only the first phase. If the initial tension on the muscle 
was increased, the same increment of stretch now gave both phases. 
A tension between these gave the first burst, followed by only a few impulses 
of the second phase (Fig. 6). If the same experiment was done using d.c. 
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instead of added stretch (i.e. initial length was altered and a given d.c. 
pulse was used each time) the spindle responded with a train of impulses 
at constant frequency or not at all. 

Spindles damaged, either during dissection or deliberately, had quite 
different responses. The threshold was higher, firing was irregular, some- 
times in rhythmical bursts and often of high frequency. All such fibres 
were rejected. 








1 sec 





Fig. 4. The effect of stretch (1) and d.c. (2) on the same muscle spindle. In (1) 
lower beam records displacement; there is a high-frequency burst initially, followed 
by a steady discharge. In (2) depolarization (lower beam) gives rise only to a 
maintained discharge. The bottom records are the continuation of the middle ones. 


The receptor potential 


The receptor potential recorded during mechanical stretch, after pro- 
caine (0-01 %), also showed two phases. It was largest during the initial 
stretch and then declined (Fig. 7). The frequency of firing was proportional 
to the magnitude of the receptor potentials. On relaxation of the muscle 
after a stretch there was frequently an ‘off effect’ which consisted of a 
brief hyperpolarization. This was previously found in the frog (Katz, 1950). 

These receptor potentials were distinguished from movement artifacts 
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Fig. 5. Relationship between frequency of firing and time after stretch (@) 
and d.c. (CQ) applied at time 0 to a single spindle. 





200 msec 





Fig. 6. The effect of a stretch of 1 mm on a muscle (1) completely relaxed, (2) held 
at 5% greater length, (3) at 10% greater length. 
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in the usual way. If the nerve was placed in contact with muscle surface, 
then electrotonic spread was short-circuited, and the receptor potentials 
disappeared. Pinching the nerve had a similar effect. Furthermore, if the 
recording interface was near enough to the ending, changes in the shape 
of the action potential could be observed even without procaine. The action 
potential was of longer duration and was preceded by a gradually increasing 
depolarization (Lippold, Nicholls & Redfearn, 1960). 
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Fig. 7. Receptor potentials (upper beam) recorded from two different spindles when 
stretched (lower beam): (1) shortly after procaine 0-01% showing one spike 


followed by decline in receptor potential; (2) 15 min after procaine, pure receptor 
potential (gain increased 3x); (3) and (4) another fibre shortly after procaine 
showing receptor potential and ‘off effect’. In (4) stretch is signified by an upward 
deflexion of the lower beam. 


DISCUSSION 
When a muscle is stretched, its muscle spindles give a discharge initially 
of high frequency (the ‘dynamic phase’), the peak value of which depends 
upon the rapidity of the stretch; subsequently the discharge rate falls to 
a lower frequency (the ‘static’ phase) which is related to the degree of 
extension of the muscle. This decline in the discharge rate during a 
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maintained stretch is the adaptation of thesensory mechanism. Theoretically 
it could be due entirely to the physical properties of the linkage 
between thesensitive nerve terminal and the tendon which is being stretched. 
It could also be due to the behaviour of the nerve membrane, which might 
introduce a differential component in its electrical response to an undis- 
torted mechanical input. 

On the basis of previous work in the frog it might have been predicted 
that both mechanical and electrical factors were operative in the process 
of adaptation. First, Katz (1950) showed that the receptor potential had 
an overshoot during the dynamic phase of a rapid stretch. Secondly, 
Matthews (1931) found that the discharge from spindles in the frog’s toe 
muscle declined with time when the nerves were artificially depolarized 
by the passage of a constant current through them. However, the frog 
stretch receptor differs greatly from that in the mammal both in structure 
and in function, and further experimental evidence is needed to make a 
clear distinction between the operation of the two factors. 

Our experiments indicate that adaptation in the mammalian spindle 
occurs as a result of the physical characteristics of the spindle and extra- 
fusal muscle. When a rectangular mechanical pulse is used to stretch the 
muscle, the resultant receptor potential is distorted. It is not rectangular 
but has a ‘hump’ which coincides with the instant of application of stretch 
and the magnitude of this hump varies with the rate of stretching. This 
' is the effect to be expected if the terminal membrane were sensitive to the 
mechanical stress within the muscle and if this stress were proportional 
to the first differential of the applied strain. 

From rough estimates in experiments such as that of Fig. 7 it does 
appear that no additional adaptation is introduced by a non-linearity in 
the relation between firing frequency and receptor potential during the 
dynamic phase of the stretch (cf. Katz, 1950). We have verified this 
directly by producing a depolarization of the terminal with an applied 
current. A rectangular current pulse initiates a non-adapting train of 
impulses, whose frequency is roughly proportional to the current. There 
is never an initial burst of impulses at a high frequency when the polarizing 
current is first applied. Matthews (1931) described, in the toe muscles of 
the intact frog, a certain amount of electrical adaptation to heavy polarizing 
currents, but it is fairly clear that he was forced to use high current densities 
in his muscles, which led to difficulties with electrode polarization and 
contraction of intrafusal and perhaps extrafusal muscle fibres. Edwards 
(1955), on the other hand, did record in isolated frog muscle a non-adapting 
discharge from the muscle spindles when he put a voltage across them. 

This comparison between the response to mechanical stretch, which pro- 
duces ‘overshoot’ in the receptor potential (and thus the initial dynamic 





7 
= 


ww —_— FG eee 


| eed 


ww w= 





ADAPTATION OF MUSCLE SPINDLES 217 


phase in the discharge), and that due to polarization of the nerve endings, 
which gives rise to an unvarying discharge, is clear evidence that no 
adaptation occurs in the membrane itself. It is therefore the result of 
physical processes involved in the transmission of forces from the tendon 
to the nerve ending. Adaptation can be pictured as a physical deformation 
in the region of the terminals which is exaggerated when a muscle is 
stretched rapidly, followed by restitution to a lower or ‘adapted’ level 
determined by the degree of stretch. 

A further possibility is that an undistorted mechanical displacement is 
transmitted to the nerve terminal and that the conversion of this to a 
depolarization is non-linear. Nothing is known about this transducer 
system and it does not seem profitable to speculate about its possible role 
at present. 


SUMMARY 


1. The adaptation of muscle spindles has been studied in the isolated 


tenuissimus muscle of the kitten. 
2. The effects of mechanical stretch and of depolarization with applied 


direct current have been compared in the same single muscle spindle. 
There is no adaptation to direct current but there is a pronounced initial 
fall in frequency of the discharge due to stretch, which corresponds to a 
decline in the receptor potential. 

3. On the basis of this difference it is concluded that adaptation in the 
mammalian muscle spindle is mechanical in origin or occurs during 
the generation of the receptor potential. 


We are indebted to the Nuffield Foundation for a grant in support of this work. 
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A STUDY OF THE AFFERENT DISCHARGE PRODUCED BY 
COOLING A MAMMALIAN MUSCLE SPINDLE 


By O. C. J. LIPPOLD, J. G. NICHOLLS* anno J. W. T. REDFEARN}+ 
From the Department of Physiology, University College London 


(Received 7 August 1959) 


During experiments on muscle spindles we found that if the temperature 
of an isolated mammalian muscle fell a few degrees below body temperature 
an afferent discharge suddenly appeared. This response resembles that of 
a cold receptor (Hensel & Zotterman, 1951a). Other receptors respond to 
cooling although this is not their primary function, e.g. pressure receptors 
(Dodt & Zotterman, 1952) and the lateral-line organ of the Japanese sea- 
eel (Katsuki, Yoshimo & Chen, 1950). 

With an isolated muscle it is possible to alter the ionic environment, to 
apply stretch and to polarize the ending electrically. We have used these 
procedures to study the mechanism by which cooling produces afferent 
nerve impulses. 


METHODS 


In general the experimental techniques were those described in the preceding paper 
(Lippold, Nicholls & Redfearn, 1960). 

Preparation. The isolated tenuissimus muscle of the cat or kitten was used in a temperature- 
controlled bath containing 15 ml. of Krebs’s solution (mm: NaCl 115, KCl 4-6, NaHCO, 24:1, 
CaCl, 2-46, MgSO, 1-15, KH,PO, 1-15, glucose 8-85); 95% O, and 5% CO, was bubbled 
through it. Temperature was measured by a thermometer of low thermal capacity or a 
thermocouple next to the muscle. The temperature of the bath could be altered at rates 
up to 0-2° C/sec by changing the temperature of water flowing through an outer jacket. 
Recordings were made from single muscle spindle afferents with the nerve on non-polarizable 
electrodes in a layer of liquid paraffin. 

Whenever the ionic concentration of the Krebs’s solution was to be altered, kitten muscles 
were used. In these thin muscles diffusion is rapid and there is no evidence that the spindles 
behave differently from those in the adult cat. 

Electronically generated square pulses served either to polarize the nerve terminals or to 
stimulate the muscle for the purpose of identifying the type of endings. The action potentials 
were photographed on moving film; in some experiments, since the discharge was regular, 
it was possible to measure frequency by counting the number of spikes during a 10 sec 
period by electronic methods. 

Experiments in vivo. Experiments were also carried out on muscles in the anaesthetized 
cat; either the whole animal or the limb alone was cooled. Recordings were made from 


* Beit Memorial Fellow. Present address: University Laboratory of Physiology, Oxford. 
+ Present address: The M.R.C.’sClinical Psychiatry Research Group, Graylingwell Hospital, 
Chichester, Sussex. 
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single dorsal-root afferent fibres, the ventral roots having been cut previously (Lippold, 
Redfearn & Vutéo, 1958). The tendon of tibialis anterior or gastrocnemius was freed com- 
pletely from its insertion but the skin over the muscle was not disturbed. The temperature 
of the muscle and the rectal temperature were measured with thermometers. 

Conduction velocity was measured by using three electrodes, separated by known 
distances and connected to separate amplifying channels. Measurements were made from 
the rising phase of action potentials initiated by stretch. 

Receptor potentials were recorded from kitten muscle by the method of Katz (1950), 
using the same criteria for distinguishing between receptor potentials and movement 
artifacts. 


RESULTS 
Isolated muscle 


When activity from the whole nerve trunk of the isolated tenuissimus 
was recorded at 37°C, action potentials were present only when the 
muscle was stretched. There was no activity when the muscle was relaxed. 
On cooling to about 32° C a single-fibre discharge appeared, followed by 
others as cooling proceeded, until about six or seven were firing indepen- 
dently. If the muscle was now stretched, the frequency of these potentials 
increased, and in addition two or three larger spikes appeared. The activity 
remained at approximately the same frequency while the temperature was 
lowered to about 28°C, below which there was a gradual decline in 
frequency. 

The characteristics of the response to cold were studied in single afferent 
fibres from muscle spindles. When the muscle was cooled slowly (less than 
1° C/min) the discharge began abruptly at about 32° C. Its frequency was 
at first approximately 10/sec, gradually rose to a maximum of 15/sec at 
28° C, and then declined (Fig. 1). It fell to zero at about 15° C. 

At any one temperature the frequency of impulses was constant, and 
so regular that the action potentials could be synchronized for several 
minutes with the time base on the oscilloscope. Slow rewarming produced 
the same frequencies at given temperatures and the discharge stopped 
again at the temperature at which it had begun. 

Rapid changes in temperature caused slightly higher rates of firing, but 
the final rate depended only on the final temperature and not on the rapidity 
with which it was reached. When the preparation was rapidly rewarmed 
from 20° C (1° C every 10 sec), although the frequency was higher through- 
out the temperature range, the temperature at which the discharge 
stopped was the same as before (Fig. 2). 

In all the experiments it was possible to record the normal response to 
stretch of the muscle ; when the regular cold response was present, stretching 
produced a sharp increase in rate followed by adaptation (Fig. 3). 

On relaxation there was a pause of one or two impulses before the cold 
response was resumed. This occurred during the phase of hyperpolarization 
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(‘off-response’) of the receptor potential (Fig. 3) (Lippold et al. 1960). 
It was clear that these were afferents from muscle spindles, since a twitch 
elicited by direct stimulation of the muscle interrupted the firing due to 
stretch. In some preparations stronger stimulation produced a burst of 
impulses presumably due to intrafusal contraction (Fig. 4) (Hunt & 
Kuffler, 1951a, b; Matthews, 1933). 
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Fig. 1. (a) Record of the discharge at 30° C in a single muscle spindle. The electrode 
was close to the nerve ending and receptor potentials precede each spike. (b) The 


relationship between the frequency of discharge and temperature. 
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Fig. 2. The relationship between frequency of discharge and temperature, (a) during 

slow cooling and rewarming (1° C/min) and (6) during rapid cooling and rapid 

rewarming (1° C/10 sec). O, cooling; @, rewarming. 
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T 200 msec 





Fig. 3. Record of the response to stretch in a cooled muscle (28° C), upper trace; 
in lower trace stretch is upwards. With the muscle relaxed there is a steady 
discharge; stretch gives rise to an increase in frequency followed by adaptation. 
There is a small receptor potential visible before each spike and a transient 
hyperpolarization (‘off-effect’) on release. Onset of stretch at arrow. Voltage 
calibration 200 pV. 





Fig. 4. The effect of electrical stimulation of the whole muscle on the discharge of 
a spindle when it is stretched (lower beam). (a) Weak stimulus (downward stimulus 
artifact) produces twitch of extrafusal fibres and a silent period in the discharge 
due to stretch. (b) A stronger stimulus introduces a burst in the silent period due 
to contraction of intrafusal fibres. In both cases the stimulus produces no discharge 
in the relaxed muscle. Time trace 100 msec. 


Experiments on undissected muscle with intact circulation 


The effect of cold on spindle discharge was demonstrated in the anaes- 
thetized cat. After the appropriate ventral roots had been cut, there was 
no activity from relaxed muscle spindles at 37° C. On cooling the whole 
cat, or the leg alone, the discharge appeared at about 32°C, with the 
typical frequency of approximately 10/sec (Fig. 5). On rewarming the 
animal the firing stopped. Stretching the muscle produced a slowly- 
adapting discharge. 


Large and small afferent fibres from tenuissimus 


Not all muscle spindles in the isolated tenuissimus became active when 
cooled. Usually a third of the muscle afferent fibres from which we re- 
corded were inactive unless stretched. This estimate was formed during 
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the dissection of 70 muscles, while the nerves were being divided. It was 
confirmed in five muscles in which all afferent fibres were examined; 
1 in 3 afferents were found not to fire when cooled although they responded 
normally to stretch. 

The afferent fibres from the endings which did not respond to cold 
invariably gave the largest action potentials. These spikes were 14-3 times 
larger than those conducted from cold-sensitive endings. This was true not 
only in the dissected single afferents but also in the whole nerve trunk, 
where it was reasonable to suppose that spike size was proportional to 
fibre diameter. This was confirmed in an experiment in which the con- 
duction velocities of large and small spikes were measured in a nerve 





Fig. 5. Cat, 4-2 kg anaesthetized with sodium pentobarbital 40 mg/kg intra- 
peritoneal. Action potentials recorded from single dorsal root filament from 
gastrocnemius. Ventral roots cut. (a) Whole animal cooled, rectal temperature 
32° C, muscle completely relaxed. There is a regular discharge. (6) Rectal tempera- 
ture 38° C. Muscle relaxed, no action potentials until, at first downward mark on 
lower trace, muscle gradually stretched. At second downward mark, muscle released. 


Time trace 100 msec. 


trunk. The spike height was directly proportional to conduction velocity 
and only those fibres with the largest spikes and the greatest conduction 
velocity showed no response to cold. Since conduction velocity is pro- 
portional to fibre diameter, it follows that there is a cold response only in 
sensory endings connected to the afferent fibres of smaller diameter. There 
were also fibres giving spikes of intermediate size which would fire only 
when the temperature was changed rapidly, although they responded to 
stretching. 

Apart from the spike size and the conduction velocity in the afferent 
fibre, no difference was found between the nerve endings with and without 
a cold response. 

A few fibres, giving small spikes, have been found to respond to warming 
as well as to cooling. These fibres began to fire at about 39° C and stopped 
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when the temperature reached 46° C. Their response to cold and to stretch 
was the same as in other fibres of similar size (cf. Dodt & Zotterman, 
1952). 

Mechanical factors 


The regular discharge at low temperatures was never affected by curare 
5-0 x 10-* (w/v), a concentration sufficient to cause complete neuromuscular 
block. With this concentration, stimulation of the nerve resulted in neither 
an accelerated discharge nor a silent period (cf. Buchtal & Jahn, 1957). 






ew 
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Fig. 6. Effect of direct electrical stimulation of the muscle (dots), upper record 
during cold discharge, lower record during cold discharge when stretch is applied 
at arrow (upward movement of lower beam). Stimulation produced a silent period 
in the stretch response (after arrow) but it had no effect on the cold discharge. 
Stimulus strength same throughout. Temperature 27°C. Voltage calibration 
200 »V. Upper beam, action potentials from single fibre and stimulus artifacts; 
lower beam, time trace (100 msec). 


The discharge was not slowed when the muscle was relaxed as completely 
as possible; to reduce tension on the spindle to a minimum the muscle, 
free at both ends, was allowed to rest on the bottom of the bath so that 
its weight did not stretch it. Even attempts to shorten the spindle by 
manipulation with needles did not slow the discharge. 

A muscle twitch elicited by direct stimulation and contracting the 
extrafusal fibres was also used to shorten the spindle (Fig. 6). In the 
completely relaxed muscle this was without effect on the firing rate, which 
suggested that the cold response was not due to a contracture in series 
with the spindle. Slightly stretching the muscle caused an increase in 
frequency and this increase was abolished during the twitch (Fig. 6). 


Potassium 
There is a quantitative relationship between K* concentration and 
membrane potential (Adrian, 1956), and Katz (1950) has shown that the 
frequency of firing is proportional to the depolarization at the nerve 
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terminal. Consequently, a reduction in K+ which would increase the 
resting potential should decrease the rate of firing in the cold if it were 
due to depolarization. The potassium concentration of the Krebs’s solution 
was therefore altered in order to cause changes in the resting potential. 
After about 40 min in K+-free Krebs’s solution, the firing began at a 
lower temperature than usual, and although the temperature—frequency 
curve was of the characteristic shape, the frequency throughout was 
reduced. The response to stretch was still present. Increased K+ concen- 
tration raised the rate of firing and extended the temperature range over 
which it occurred. The concentration of K+ used was insufficient to stimu- 
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Fig. 7. Frequency of firing plotted against temperature (abscissa) of a single spindle 
in different K+ concentrations: @, 8-6mm K+; O, 5-75 mm K+; @, Kt-free 
Krebs’s solution. 


late the nerves directly, to produce muscle contraction, or to interfere 
with the stretch response. If the nerve was pinched within the muscle all 
firing was abolished. The effects of both increased and decreased K* 
concentration were reversible on soaking the muscle in normal Krebs’s 
solution for 30-45 min (Fig. 7). 

We have shown previously that the responses to cold were found in 
endings innervated by fibres of small diameter. When using high K* 
concentrations we often observed characteristic cold discharges in the 
larger fibres which normally were silent unless stretched. 


Polarization of nerve terminals 
An increase in frequency of the discharge due to cold was brought 
about by depolarization of the nerve terminals with direct current. Con- 
versely a decrease or cessation occurred when the current was reversed 
and the terminal hyperpolarized. This alteration in frequency was directly 
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proportional to the current flow (Fig. 8). Stringent precautions (cf. Lip- 
pold et al. 1960) were taken to ensure that the nerve terminals alone were 


being excited. 


1 sec 


Fig. 8. Polarization of nerve terminals. The lower trace is the current flowing 
through the preparation; upward deflexion, spindle — ve. The cold discharge (upper 
trace) is accelerated by depolarizing the spindle and stopped by hyperpolarizing it. 
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Fig. 9. The frequency of firing plotted against temperature of a single spindle at 
different muscle lengths, where @ is at 95% of the resting length in the body, 
O is at 110% and @ is at 131%. 


Alteration in resting length 


Another way of depolarizing the nerve terminals is to keep the muscle 
slightly stretched but not sufficiently to evoke a maintained stretch 
response. This produced the same changes in firing-rate and temperature— 
frequency curves as did increased K+ concentrations (Fig. 9). In all these 
procedures, pinching the nerve at its entry to the muscle abolished 
impulses due to cold, stretch and polarization. 


Measurements of threshold 


The threshold to stretch is reduced at the lower temperatures. We 
measured the threshold at different temperatures in two ways: one in- 
volved a step-wise stretch of the muscle, the other a sinusoidal displace- 
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ment of varying magnitude but of fixed frequency (Lippold et al. 1960). 
In each case threshold was defined as the minimum displacement producing 
a single action potential. These determinations of threshold were carried 
out on fibres of large diameter which did not fire as a result of cooling, 
because a cold response masked threshold effects. The threshold in both 
types of experiment progressively fell as the temperature was lowered 
and reached a minimum value at about 30°C (Fig. 10), which is about 
the temperature at which the cold response is greatest. 
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Fig. 10. Measurements of threshold to stretch at different temperatures. Threshold 
is measured with sinusoidal displacements in a single spindle which had no cold 
response (see text). Ordinate, % maximum stretch. 


The above experiments were designed to measure the threshold of 
stimulation for a single spike; it is also possible to measure a different 
threshold—the minimum stretch required for a discharge lasting 10 sec 
or more. This threshold fell as the temperature was lowered and reached 
a minimum at 26° C. 

A similar relation between threshold and temperature was found in 
fibres which did have a cold response. In this case it was necessary to 
measure the minimum stretch required to produce an increase in frequency. 
The threshold declined as the temperature fell from 37° C to about 28° C, 
and then rose steeply as the temperature was lowered still further, although 
the cold discharge was present. Quantitative measurement was difficult, 
but there was no obvious difference between the large and the small 


fibres in this respect. 
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The sensitivity of muscle spindles to a given stretch was measured at 
different temperatures in most experiments. A stretch at 37° C, which 
would evoke a high-frequency burst of impulses (300/sec), would produce 
at 20°C a just detectable increase in frequency of the firing due to the 
cold discharge. This was true in all experiments and a similar effect occurred 
in large fibres from spindles without the cold response. 
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Fig. 11. Measurement of threshold to stretch sufficient for a maintained dis- 
charge of more than 10sec at different temperatures. Stretch expressed as % 
over resting length. Fibre without cold response (see text). 


The effect of calcium 


Calcium is known to increase the stability of the membrane in nerve 
and muscle. Increasing the Ca*+ concentration in the Krebs’s solution 
from 2-46 to 3-69 mm completely stopped the response to cold while the 
stretch response could still be elicited. The sensitivity of the receptors 
varied inversely with the Ca** concentration, but no precise measurements 
of threshold were made. 

Reducing the Ca?*+ concentration to 1-23 mM initially increased the 
sensitivity of the spindle to a given stretch (increasing the frequency and 
duration of the burst of impulses). Then, after approximately 30 min, 
the temperature and frequency range of the cold response was increased 
(Fig. 12). 

Diminished Ca**, like increased K+, made spindles innervated by large 
fibres, which had no cold response in normal Krebs’s solution, develop one. 


Receptor potentials 


Receptor potentials were recorded by the method described by Lippold 
et al. (1960) at the beginning and end of the cold response. Figure 13 
15-2 
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shows a record of the cold response at 32° C which was recorded close to 
the nerve ending. The receptor potential can be seen building up before 
each action potential. The discharge was just about to stop as a result 
of rewarming but in the interval where one spike has dropped out no 
abortive spike can be seen. The receptor potential is still present but is 
not large enough to generate a spike and there are no large oscillatory 


potentials. 
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Fig. 12. The effect of calcium concentration on the frequency of firing at different 
temperatures; © in normal Krebs’s solution containing 2-46 mmM-CaCl,; © in 


3-69 mM concentration; @ in 1-23 mM concentration. 





Fig. 13. Action potentials recorded close to nerve entry from a single spindle at 
32° C when the cold response is about to stop on rewarming. Both records show 
action potentials dropped out. The receptor potentials are recorded but show no 
oscillations or abortive spikes during these gaps. Lower record gain increased 
3x and sweep speed 2x. Voltage calibration, upper trace 200 nV, lower trace 


100 »V. Time marker, upper trace, 50 c/s. 
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DISCUSSION 


It is clear from our results that muscle spindles in the mammal fire 
spontaneously, in the absence of stretch, when they are brought to 
temperatures below 32° C. It might be expected that spindles would 
give rise to a brief discharge on rapid cooling, for Bernhard & Granit 
(1945) have described certain nerve fibres which respond to large, quick 
temperature changes by initiating several spikes. Muscle spindles, how- 
ever, fire with a regular, non-adapting discharge, of frequency dependent 
upon the temperature and not its rate of change. The cold response 
of muscle spindles does therefore seem to be a specific effect of low 
temperature. 

There are two possible explanations of this cold response in muscle 
spindles. One is that at low temperatures the physical properties of the 
muscle or the immediate surroundings of the nerve terminal are altered in 
such a way that a constant deformation of the sensitive membrane is 
produced. We have experimental evidence that this hypothesis is unlikely. 
All attempts to shorten further the relaxed muscle spindle, either by direct 
manipulation or by extrafusal twitches, fail to stop the cold discharge. 
In addition, the discharge is regular, of comparable frequency in different 
experiments and has a characteristic temperature—frequency curve which 
is similar to the discharge of a specific cold receptor (Hensel & Zotterman, 
195la). Cold cannot produce its effect in a specific cold receptor by a 
mechanical deformation of the sensory endings because these are not 
sensitive to mechanical stimulation (Dodt & Zotterman, 1952). 

The second hypothesis which could be invoked to explain the cold 
response is that low temperatures alter the properties of the nerve terminal 
membrane. In the first place it is possible that the normal relation between 
membrane potential and firing rate, found by Katz (1950) to be linear, 
is altered or has a different slope in the cold. If this factor was solely 
responsible, it would be necessary to suppose that firing in the cooled 
terminal now occurred at the resting potential level. In other words there 
must be a reduction to zero in the threshold for firing, as a result of cooling. 
This would be similar to the spontaneous discharge observed when nerves 
are immersed in Ca?+-free media. One might therefore expect that the 
sensitivity to a given depolarization or stretch would be greater on 
cooling. 

In fact the converse is true. In our experiments a degree of stretch of 
the muscle which would evoke a high-frequency burst of action potentials 
at body temperature would only give a just detectable increase in firing 
rate at 20° C (when the cold discharge was present). However, in Ca?+-free 
media at body temperature the spindles are firing spontaneously and their 
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sensitivity to stretch is increased. It is therefore unlikely that changes 
in the threshold for firing and in the sensitivity of the terminals can 
explain the production of the cold discharge. 

A more attractive explanation is that low temperatures act by de- 
polarizing the membrane of the nerve endings. All those factors which 
are known to depolarize membranes increase the discharge yet do not 
alter the general form of the relation with temperature. Furthermore, 
the same factors produce the characteristic discharge in spindles which 
otherwise do not have one. Conversely, hyperpolarizing the membrane 
reduces or abolishes the discharge. With present techniques it is not possible 
to demonstrate directly a depolarization due to cold; the nerve terminals 
are too small to enable intracellular recordings to be made. 

It is interesting to observe that it is only in the case of recordings made 
from smaller fibres that this cold response can be obtained. This may 
reflect some functional or anatomical difference in the endings connected 
to the small fibre. Hensel & Zotterman (19510) also found that pressure 
receptors with axons below about 10, in diameter would give a brief 
discharge when they were rapidly cooled, whereas those with axons of 
diameter greater than this did not doso. Douglas, Ritchie & Straub (1959) 
found that cooling caused a discharge in mammalian C fibres (as distinct 
from their endings) which depended upon their diameter. In the muscle 
spindle, however, it is the nerve ending which responds to cold, since 
separating the nerve from its receptor abolishes the discharge. 

Since the cold discharge occurs in the anaesthetized but otherwise intact 
animal, it is relevant to consider its physiological implications. We do not 
at present know whether a continuous low-grade discharge of about 
10-15/sec from more than half of the stretch receptors in a cooled limb 
would have any reflex or central effects. 


SUMMARY 

1. Spindles in the completely relaxed tenuissimus muscle of the cat 
gave a regular afferent discharge at temperatures below about 32°C, 
while still having a normal response to stretch. 

2. Two-thirds of afferent fibres from stretch receptors had this property ; 
those without the response invariably had the largest axons. In high K* 
or in low Ca?+ concentrations the large fibres developed a response to 
cold. 

3. Factors which caused depolarization of the nerve ending (increased 
K+ concentration, stretch, d.c. polarization) accelerated the discharge. 
Hyperpolarization (d.c. polarization, or low K+ concentration) reduced or 
abolished the activity. On the other hand, full relaxation of the muscle 
or twitches of the extrafusal fibres did not affect the discharge. 
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4. The threshold to stretch also fell in the cold. This would be expected 
if depolarization of the membrane were occurring or its excitability were 
increased. 


- 


5. This response to cold is similar to that found in specific cold receptors. 


We are indebted to the Nuffield Foundation for a grant in support of this work. 
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VASOMOTOR FIBRES TO SKIN IN THE UPPER ARM, 
CALF AND THIGH 








By D. A. BLAIR, W. E. GLOVER anp I. C. RODDIE 
From the Department of Physiology, The Queen’s University of Belfast 


(Received 30 November 1959) 


Though the responses of the hand and forearm skin blood vessels to 
body heating and cooling are qualitatively similar there is a difference in | 
the pattern of vasomotor control in the two areas. The blood vessels of 
the hand are normally subject to a high degree of vasoconstrictor tone 
even when the subject is comfortably warm. Blocking the nerves to the 
hand with local anaesthetic normally increases the blood flow through the 
hand to about 30-40 ml./100ml./min (Roddie, Shepherd & Whelan, 1957a). —) 
The very large increase in hand blood flow during body heating seems due 
entirely to release of vasoconstrictor tone. Despite the evidence for 
vasodilator fibres to the hands of patients with Raynaud’s disease (Lewis & 
Pickering, 1931), careful investigation has failed to provide any evidence 
that such fibres are involved in the vasodilatation during body heating in 
the hands of normal individuals. During body heating the blood flow in 
the normal hand does not exceed that in the nerve-blocked hand (Warren, | 
Walter, Romano & Stead, 1942; Sarnoff & Simeone, 1947; Arnott & 
Macfie, 1948; Gaskell, 1956; Roddie, Shepherd & Whelan, 1957c) and 
atropinization of the hand tissues fails to reduce the vasodilatation (Gaskell, 
1956; Roddie, Shepherd & Whelan, 19575). 

In forearm skin, however, the vessels are not subject to any appreciable 
vasoconstrictor or vasodilator tone when the subject is comfortably warm. 
When the cutaneous nerves to the forearm are blocked under these condi- 
tions there is little change in flow (Grant & Holling, 1938; Doupe, Cullen & 
Macaulay, 1943; Edholm, Fox & Macpherson, 1957). If the nerves are 
blocked when the subject is cold an increase in skin blood flow is observed, 
indicating the presence of vasoconstrictor fibres (Roddie, Shepherd & 
Whelan, 1957d). The fall in forearm blood flow during body cooling can 
be prevented by intra-arterial administration of bretylium tosylate, an 7 
adrenergic blocking agent (Blair, Glover, Kidd & Roddie, 1959) showing 
that the vasoconstrictor fibres in forearm skin are adrenergic. The increase 
in skin blood flow during body heating seems to be due to the activity of 
cholinergic nerves producing vasodilatation. It does not occur if the 
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sympathetic nerves to forearm skin are blocked (Grant & Holling, 1938; 
Doupe ef al. 1943; Edholm et al. 1957; Roddie et al. 1957d) and it is reduced 
and delayed by atropinization of the forearm (Roddie et al. 19576; Fox & 
Hilton, 1958). There is now evidence that the skin vasodilatation in the 
forearm during heating may be due to products of sweat-gland activity 
rather than to the excitation of specific vasodilator fibres (Fox & Hilton, 
1958). 

In view of the contrast between the vasomotor innervation of hand and 
forearm it seemed desirable to study the innervation of skin areas elsewhere 
in the limbs and the present paper describes some experiments which 
were designed with this end in view. 


METHODS 


Nine experiments were performed on six healthy young adults lying recumbent in a 
comfortably warm room (temperature 21—23° C). Subjects were lightly clad, but covered 
with a blanket. In any one experiment blood flow was measured bilaterally in either forearm, 
upper arm, calf or thigh. Forearm blood flow was measured by means of the water-filled 
plethysmographs described by Greenfield (1954). A larger plethysmograph with a suitably 
sized sleeve was used to measure flow in the calf and upper arm, and in thinner subjects, the 
thighs. In all experiments the plethysmograph was maintained at 35°C. During measure- 
ments the circulation to the limb distal to the plethysmograph was arrested by a cuff 
inflated to 200 mm Hg. A collecting cuff was applied just proximal to the plethysmograph. 
After the subject had rested in the laboratory for about 1 hr, resting blood flows were 
measured on the two sides. The position of the plethysmograph on the left limb was marked 
with a skin pencil, and the plethysmograph was then removed from the limb. The positions 
of the cutaneous nerves supplying the skin area under study were determined by faradic 
stimulation. The nerves were traced proximally up the limb and blocked by infiltrating 
1-2 ml. of 2 % lignocaine containing adrenaline (1:80,000) around each of them. The block 
was performed as far away as possible from the plethysmograph area. When about 80% or 
more of the skin area under study had become anaesthetic, the limb was replaced in its 
original position in the plethysmograph and the blood flow was again measured bilaterally 
at intervals until the end of the experiment. The anaesthesia of the skin area was checked 
at intervals throughout the experiment and, where necessary, further injections of local 
anaesthetic were made. 

The subjects were then cooled for about 40 min. The blanket was removed and the room 
temperature was allowed to drop to 16—-18° C. The subjects’ feet (forearm and upper-arm 
experiments) or hands (calf and thigh experiments) were immersed in water at 17° C. Iced 
water was sprayed in a current of air from a vacuum cleaner pump over their naked chests 
and abdomens. Shivering frequently occurred in the first few minutes of cooling but then 
ceased and the subject was reasonably comfortable during the period in which observations 
were made, 

Indirect heating was then applied. The room temperature was returned to 21—23° C. The 
subjects were wrapped in blankets and their feet and calves (upper arm and forearm experi- 
ments) or hand and forearm (thigh and calf experiments) were placed in stirred water at 
44°C, Heating was continued for 40-60 min. This degree of heating usually causes an 
increase in body temperature of about 1° C and is accompanied by profuse sweating. 
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RESULTS 


Figure 1 illustrates the result of an experiment in which blood flow was 
simultaneously measured in both forearms. At the beginning of the 
experiment, when the subject was comfortably warm, the blood flow 
through each forearm was about 4ml./100 ml./min. Blocking the cutaneous 
nerves to the left forearm caused little change in the level of blood flow 
in either arm. Cooling the body caused a 58 % fall in the blood flow in the 
normal forearm, but only a 12% fall on the nerve-blocked side. This is in 
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Fig. 1. The effects of body cooling and heating on blood flow in the normal and 
cutaneous-nerve-blocked forearm, upper arm, calf and thigh: gg right side; 
cm left side. C.N.B. = cutaneous nerves on left side blocked with local anaesthetic. 


keeping with the conclusion that the blood vessels in forearm skin are 
innervated with vasoconstrictor fibres which are activated in response to 
cooling the body (Roddie et al. 1957c, d). Heating the body caused a 93% 
increase in blood flow above the resting level in the normally innervated 
forearm, whereas it only increased by 12% on the nerve-blocked side. 
Visible sweating was observed in the normal though not the nerve- 
blocked forearm. This result confirmed the findings of Edholm e¢ al. (1957), 
which indicated that the vasodilatation in forearm skin during body heating 
is due to an active vasodilator mechanism mediated through fibres 
running with the cutaneous nerves. 

In four experiments of similar design the vasomotor innervation of the 
skin of the upper arm was studied (Fig. 1; Table 1). The pattern of result 
was similar to that found in the forearm. When the subject was comfort- 
ably warm, blocking the cutaneous nerves to the upper arm caused littie 
change in blood flow, the average change being a fall of 0-2 ml./100 ml./ 
min. However, when the subject was subsequently cooled, the average 
fall in blood flow in the nerve-blocked upper arm was only 12°%, whereas 
in the normal upper arm the average fall was 67% of the resting level. 
Nerve block also depressed the vasodilatation during body heating. The 
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Control limb Test limb 

Before After Before After 

block block block block 

of test oftest During During oftest oftest During During 
Subject Part studied limb limb cooling heating limb limb cooling h 
W.E.G. Forearm 4-2 4-0 1-7 6-7 4-0 4-2 3-7 4-7 
B.G. Upper arm 4-2 4-0 0-8 7-0 4-0 3-7 2-7 4:8 
L.A. Upper arm 3°7 4-2 2-0 75 3-0 2-5 3-0 4-0 
D.A.B. Upper arm 3-0 2-9 1-4 8-5 3-0 3-0 2-5 4-9 
I.C.R. Upper arm 57 57 1-3 7-0 3-5 3°7 2-0 45 
D.A.B. Calf 3-6 3-6 1-8 6-5 3-6 4:3 3-7 3-0 
W.E.G. Calf 1-7 2-4 1-0 5-0 1-4 2-1 1-7 2-0 
L.C.R. Thigh 2-1 2-7 1-8 3-8 1-8 3-0 2-5 2-8 
P.H. Thigh 1-8 3-0 1-5 3-8 1-8 2-4 2-4 2-0 
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average increase in flow on the nerve-blocked side was 41% above the 
resting level, whereas the average increase on the normal side was 79 %. 
It is likely that the difference would have been greater had the cutaneous 
nerve block been complete in all instances. 

A similar pattern emerged in two experiments on the calf (Fig. 1; 
Table 1). Though cutaneous nerve block caused a small increase in blood 
flow (average 0-7 ml./100 ml./min), an increase (average 0-4 ml./100 ml./ 
min) was also seen in the opposite (control) limb. Nerve block did not, 


TABLE 1. The effects of body cooling and heating on blood flow in normal (control) limbs 
and limbs with the cutaneous nerves blocked (test limbs). The figures in the table are 
average values obtained for blood flow (ml./100 ml./min) during 5 min periods before nerve 
block, after nerve block, during body cooling and during body heating 








therefore, greatly alter the level of flow relative to that on the control 
side. Body cooling caused an average reduction of 53 % in the blood flow 
in the normal calf but only a 16 % reduction in the nerve-blocked calf. In 
response to body heating there was a 94% increase in flow above the 
resting level on the normal side but there was no increase at all on the 
nerve-blocked side. 

In two experiments on the thigh similar results were obtained (Fig. 1; 
Table 1). Though cutaneous nerve block resulted in a rise in blood flow, 
there was a similar increase on the normal side. Cooling the body resulted 
in an average fall in blood flow of 37 % on the normal side compared with 
a fall of only 7% on the nerve-blocked side. Heating the body resulted in 
an average increase in flow of 36 % on the normal side, whereas the blood 
flow on the nerve-blocked side showed no increase. 

It is clear, therefore, that in the upper arm, calf and thigh as in the 
forearm, cutaneous nerve block in a comfortably warm subject does not 
result in any important change in flow relative to that in the control 
limb. In response to body cooling and heating limb blood flow decreases 
and increases respectively. These changes in flow are depressed or abolished 
by blocking the cutaneous nerves to the part. 


eating 
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DISCUSSION 


Cutaneous nerve block greatly reduced or abolished the changes in 
blood flow during body heating and cooling. It follows that the changes 
which normally occur are brought about by vasomotor nerves in skin. If 
methods are employed in the forearm which allow simultaneous estimation 
of skin and muscle blood flow, it can be shown that the increase in forearm 
blood flow during body heating is confined to the skin. For example, 
when skin and muscle blood flow in the forearm are simultaneously esti- 
mated by Hensel’s heated thermocouples (Bareroft, Bock, Hensel & 
Kitchin, 1955), or by changes in the oxygen saturation of effluent blood 
from superficial and deep forearm veins (Roddie, Shepherd & Whelan, 
1956), skin but not muscle flow increases during body heating. Body 
heating fails to cause an increase in forearm blood flow when the skin 
circulation is suppressed by adrenaline iontophoresis (Edholm, Fox & 
Macpherson, 1956). The present experiments indicate that a similar 
situation prevails in the upper arm, thigh and calf, and provides further 
evidence that the ‘ vasomotor centres’ controlling skin vessels can function 
independently of those controlling muscle vessels. 

The pattern of vasomotor control of skin in the upper arm, calf and 
thigh appears similar to that in the forearm. The finding that cutaneous 
nerve block caused little change in the blood flow in these areas indicated 
that the skin vessels were not subjected to any important vasoconstrictor 
or vasodilator tone when the subject was comfortably warm. Body cooling 
caused the blood flow on the normal side to fall below that on the nerve- 
blocked side, indicating the presence of vasoconstrictor fibres. During 
cooling the blood flow in the forearm, upper arm, calf and thigh fell to 
about half that of the previous resting level. This degree of reduction in flow 
has been obtained in the forearm by iontophoresis of adrenaline into the 
skin (Cooper, Edholm & Mottram, 1955) which has been shown to suppress, 
completely or almost completely, the cutaneous circulation (Edholm e¢ al. 
1956). It would appear from the present experiments that the activity 
of vasoconstrictor fibres in forearm skin can also almost completely 
suppress the skin circulation. 

During body heating the blood flow on the normally innervated side 
rose substantially above that on the nerve-blocked side. This finding shows 
that the increase in blood flow that normally occurs is due to an active 
vasodilator mechanism. Though there is no evidence which definitely 
excludes the participation of specific vasodilator fibres in this response, 
it now seems more probable that the vasodilatation is due to release of 
bradykinin-forming enzyme from the activated sweat glands, and the 
subsequent formation of bradykinin (a polypeptide with vasodilator 
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properties) in the subcutaneous tissue space. Bradykinin-forming activity 
has been demonstrated in sweat collected from the human hand and fore- 
arm, and an increase in bradykinin activity occurs in the perfusate of the 
subcutaneous tissue space of the forearm during body heating (Fox & 
Hilton, 1958). There is a close analogy between the behaviour of the sweat 
glands and the salivary glands, where the vasodilatation associated with 
glandular activity has been shown to be due to release of bradykinin- 
forming enzyme from the activated gland (Hilton & Lewis, 1956). In 
certain animal species which lack eccrine sweat glands the skin vaso- 
dilatation in response to body heating seems to be due exclusively to 
release of vasoconstrictor tone (Green, Howard & Kenan, 1956). Finally, 
emotional sweating which occurs in the hand during stress is frequently 
accompanied by a vasodilatation (Allwood, Barcroft, Hayes & Hirsjarvi, 
1959). 

The present experiments indicate that the skin blood vessels of the 
upper arm, calf and thigh take part in temperature regulation. During 
body cooling the blood flow through these parts fell due to vasoconstrictor 
nerve activity, and during body heating it rose due an active vasodilator 
mechanism. The fact that the blood-flow changes with heating and cooling 
were of different sizes in different areas does not necessarily imply that 
there is any quantitative difference in the behaviour of the vasomotor 
nerves in these areas. It is possible that it is only a reflexion of the varying 
proportions of skin, muscle and bone in the different parts. 


SUMMARY 

1. Blood flow was measured bilaterally in the upper arm, calf or thigh 
of normal subjects by venous occlusion plethysmography. 

2. When the subject was comfortably warm, blocking the cutaneous 
nerves to the experimental side with local anaesthetic caused little change 
in flow on the experimental side relative to that on the control side. It 
was concluded that the skin blood vessels in these areas, like those in the 
forearm, are not subjected to any important vasoconstriction or vaso- 
dilator tone under these conditions. 

3. When the subject was subsequently cooled, the blood flow on the 
innervated side fell to a greater extent than on the nerve-blocked side. 
This result indicates the presence of vasoconstrictor fibres in the skin of 
the areas studied. 

4. When the subjects were heated, the blood flow on the control side 
rose substantially above that on the nerve-blocked side, indicating that 
the vasodilatation was due to an active vasodilator mechanism mediated 
through fibres running with the cutaneous nerves. 
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TISSUE 5-HYDROXYTRYPTAMINE AND URINARY 
5-HYDROXYINDOLEACETIC ACID AFTER PARTIAL OR 
TOTAL REMOVAL OF THE GASTRO-INTESTINAL TRACT 

IN THE RAT 


By G. BERTACCINI 
From the Institute of Pharmacology, University of Parma, Italy 


(Received 11 January 1960) 


It is generally accepted that the gastro-intestinal mucosa represents the 
most important site of production and storage of 5-hydroxytryptamine 
(5-HT) in mammals. In the rat, the total 5-HT in the gastro-intestinal 
tract may vary according to age, weight, strain, diet, and probably season, 
between 80 (Erspamer, 1954) and 300 yg/kg (Bertaccini, unpublished). 
Of this total amount, about 8-15 % is contained in the stomach, 30-40 % 
in the small intestine and the remaining 45-60 % in the large intestine. 

On the basis of these data and the easy availability of a large number of 
uniform animals, rats seemed particularly suitable for studying the effect 
of removal of important portions of the 5-HT-secreting intestinal tissue 
or of the entire gastro-intestinal tract, on the serum and tissue levels of 
5-HT as well as on the urinary excretion of 5-hydroxyindoleacetic acid 
(5-HIAA), the main metabolite of 5-HT. 


METHODS 


Experimental animals. The large intestines were removed from three groups of rats 
(300 in all) weighing 180-250 g. Each group consisted of animals of the same breed and sex, 
and of approximately the same age. The first experiment was carried out on male rats kept 
on a non-standard laboratory diet; the second on female rats, and the last on male Wistar 
rats. In the second and third experiments the rats were kept on the Rockland diet. Com- 
plete gastro-enterectomy was performed on 60 rats of both sexes; 30 rats were kept as 
controls. 

Operation procedure and post-operative treatment 

Removal of the large intestine. The rats were starved 24 hr before operation, but were 
allowed water ad lib. 

The well known resistance of rat’s peritoneal cavity against infections allowed the operation 
to be performed with care for cleanliness but without rigorous asepsis. The operative area 
was shaved and painted with 5% tincture of iodine U.S.P.; penicillin 10,000 u./rat was 
given subcutaneously for 1 day before and 2 days after the operation, to reduce the risk of 
peritonitis due to leakage at the site of anastomosis. 

Under light ether anaesthesia the abdomen was opened by a mid-line incision and the 
appendix was delivered from the peritoneal cavity on to saline packs. Beginning from the 
ileocaecal valve, all the blood vessels supplying the portion of the intestinal tract that was to 
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be excised were ligated. The large intestine was separated from its mesentery by careful 
dissection up to @ point as near as possible to the anus, and the gut without its mesentery 
was thus gently excised with the minimum trauma and stretching. After the resection the 
continuity of the bowel was restored by an end-to-end anastomosis, with fine silk and a 
small curved needle. Side-by-side anastomosis was found to be more difficult to perform 
and less well tolerated. The abdomen was then closed with four or five interrupted sutures, 
Catgut was used for muscle layers and silk thread for skin. Some of the controls were sub- 
jected to simple laparotomy. 

After the operation the animals were housed, in groups of two or three, in dry, clean 
cages. Twice in the first 24 hr 6 ml. of saline solution with 5% glucose was administered 
subcutaneously to each rat. From the second day on animals were offered milk and sugar, 
soaked bread and fresh liver in addition to amino-acid and vitamin mixtures. The rats were 
returned to their usual diet a fortnight after the operation. Intact and laparotomized control 
rats were always given the same diet as the operated ones. 

The post-operative course was very satisfactory and the survival rate was 70-75 %. The 
only trouble was a diarrhoea which lasted for about 1 month. Thereafter the stools became 
more formed. All animals lost weight during the first month, but then resumed normal 
growth rates comparable to, and in some instances greater than, in the controls. Operated 
rats showed, after recovery, a striking voracity. 

As in the experiment of Clatworthy, Saleeby & Lovingood (1952), who examined dogs 
deprived operatively of 40-80 % of the small intestine, Bertaccini, Nobili & Zamboni (1959) 
found that 3 months after the operation there was a significant rise in haemoglobin con- 
centration and erythrocyte and platelet counts. In addition, operated rats presented a 
35% increase in oxygen consumption above that of control rats and a slight rise (+ 0-6° C) 
in body temperature. 

The animals were killed by decapitation at varying intervals after the resection. The 
viscera appeared quite normal and, except in rats operated 10 and 15 days before, no traces 
of intestinal suture were found. However, the stomach plus small intestine of operated rats 
showed a weight increase of 10-20% compared with the controls. 

Total gastro-enterectomy. The animals were not starved before operation. Under ether 
anaesthesia a long, mid-line incision was made and wide exposure was obtained by the use 
of a retractor. First, gastrectomy was performed as described by Meli (1957). After this the 
bile duct was delivered and gently separated from mesentery and duodenal vessels. A small 
portion of mucosa of the duodenal loop including the outlet of the bile duct was isolated 
between clamps, severed and then inserted into the abdominal wall, to drain the bile ex- 
ternally. A single ligature was placed round the coeliac and the superior mesenteric 
arteries as near the aorta as possible. The rectum with its vessels was clamped, ligated distal 
to the clamp, and then cut between the clamp and the point of ligation. Finally, the whole 
gut, freed from its ligamentous and vascular attachments, was removed. 

In some groups of rats, to avoid the contamination of urine from bile, which could inter- 
fere with the estimation of 5-HIAA, the bile duct was left free in the abdomen. After 
removing the gastro-intestinal tract, the abdomen was filled with sterile gauze. Penicillin 
10,000 u./rat was given immediately after the operation, and 6 ml. of physiological saline 
solution with 5% glucose was injected subcutaneously every 6 hr. Because of the severity of 
this operation only 40-50 % of the animals could be used for experiment. They were killed 
by decapitation 1-3 days later. 


Analytic procedure 
Preparation of acetone extracts. The following tissues and organs were examined: blood, 
gastro-intestinal tract, spleen, brain, lungs, liver, kidneys, ears and hind paws. 
Blood was kept for 2-3 hr at room temperature, then during the night at +4° C. The 
serum was separated by centrifugation and then treated with 4 vol. of acetone. After 
standing during the night the liquid was filtered and the clear filtrate used for bioassay. 
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The gastro-intestinal tract was opened longitudinally, washed under running tap water 
and carefully dried with filter paper. It was minced with scissors and extracted with 4 parts 
(4 ml./g) of acetone for 24 hr, and then, after decanting the liquid, re-extracted for another 
24 hr with 3-4 parts of 80% acetone. The combined filtrates were stored in the cold until 
used. All other tissues were treated in the same way but without washing. Before the bio- 
assay acetone was removed by evaporation under reduced pressure at 40—50° C, or under an 
air stream in a boiling water-bath. The remaining aqueous liquid was brought to the desired 
volume with physiological saline solution. 

Bioassay of 5-HT. Ovariectomized adult rats were injected once or twice with 50-100 pg 
oestradiol dipropionate 4—7 days before they were used. Uteri from these animals were 
suspended in a 10 ml. bath of atropinized (10-7) Tyrode solution, kept at 30° C and bubbled 
through with air. The period of contact between uterus and the active solution (5-HT or 
tissue extract) was for 3-4 min and the interval between doses was 2—3 min. In the assays 
particular attention was paid not only to the heights of the contractions but also to how well 
they were maintained (Erspamer, 1940). The standard was 5-HT creatinine sulphate 
(Farmitalia S.p.A., Milan); the results, however, were always expressed in terms of 5-HT 
base. 

Urine collection and estimation of urinary 5-HIAA. Groups of four rats were put into 
diuresis cages. Urine was collected in graduated cylinders containing 0-3 ml. of chloroform 
and 0-3 ml. of acetic acid, in order better to preserve the excreted 5-HIAA. At the end of 
the collection period the urine was either immediately frozen or treated with 1 vol. acetone 
which, of course, had to be removed by evaporation before the estimation of 5-HIAA. The 
acetone-urine was stored at —15°C. In preliminary experiments it was found that the 
content of 5-HIAA remained unchanged for at least 1 week in frozen urine, and for up to 
15 months in urine plus acetone kept at — 15° C. The 5-HIAA in urine was estimated by 
the colorimetric method of Macfarlane, Dalgliesh, Dutton, Lennox, Nyhus & Smith (1956). 

Chromatographic detection of tryptophan and its metabolites. This was carried out in control 
as well as in operated rats after a loading dose of L-tryptophan (100 mg/kg by gastric tube). 
After the tryptophan administration the animals were housed in metabolism cages and 
stools and urine were collected separately for 24 hr. Faeces were weighed and extracted 
with 4 parts (4 ml./g) of acetone; urine, reasonably free from faecal contamination, with 
1 part of acetone. 

The concentrated extracts were chromatographed ascendingly on Whatman No. 1 paper. 
For unidimensional chromatograms the solvent was the n-butanol—acetic-acid—water 
mixture (4:1:5); for bidimensional chromatograms the same mixture was used for the 
first run and distilled water for the second. Tryptophan and other indoles were visualized 
by spraying with a 2% alcoholic solution of p-dimethylaminobenzaldehyde followed by 
exposure in a large glass chamber to HCl vapour; kynurenine and xanthurenic acid were 
visualized by their fluorescence reaction (Coppini, Benassi & Montorsi, 1958). 


RESULTS 


Tissue levels of 5-HT after removal of the large intestine. The results on 
24 groups of rats are summarized in Table 1. The tissue contents of 5-HT 
were followed for up to 7 months after removal of the large intestines. 
In two other experiments carried out in different seasons, with male rats 
of different strain, results were obtained in substantial accordance with 
those shown in Table 1. Particular emphasis should be laid on the fact 
that brain 5-HT levels regularly presented a 20-30 °/, decrease following 


removal of the large intestine. 
16 PHYSIO. CLIII 
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The following conclusions may be drawn from the tabulated data: 

(1) The 5-HT content of stomach and small intestine did not show 
significant changes at any time after operation. The observed fluctuations 
in the 5-HT levels were always within the normal range. In this respect 
it should be noted that the slight diminution in the 5-HT content, per 
gram of fresh tissue, of the small intestine of operated rats is compensated 
for by the 10-20 % increase in the weight of the small intestine observed 
in these animals compared with the controls. 
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Fig. 1. Daily urinary excretion of 5-HIAA after removal of the large intestine; 
O, controls, @ operated rats. Each value refers to the pool of urine obtained 
from four rats. 


(2) The same may be said for serum and all other examined tissues 
except the brain. In some cases (e.g. lungs, liver, kidneys) a tendency to 
a lowering of 5-HT levels was observed, especially 15 and 30 days after 
the operation, but, owing to the considerable variations in the normal 
5-HT content of rat tissues, it was impossible to ascribe any definite 
significance to the above occasional changes. 

(3) The 5-HT content of the brain was significantly lower (P < 0-01) 
in operated animals than in controls. 

5-HIAA excretion after removal of the large intestine. The results are 
shown in Fig. 1. The daily urinary excretion of 5-HIAA was determined 
at the beginning of the experiments both in control rats as well as in the 
rats which were later to be submitted to removal of the large intestine. 
Each value refers to the pool of urine obtained from four rats. It is clear 
from Fig. 1, which illustrates an experiment lasting more than 7 months, 
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that removal of the large intestine regularly produced a conspicuous 
decrease in the daily urinary excretion of 5-HIAA. This decrease was 
already evident in the first days after the operation and reached its maximum 
during the first 2 months, the values of urinary 5-HIAA being in the operated 
animals only 50°, of those found in the controls. It may also be seen 
from Fig. 1 that, whereas the values of 5-HIAA in control rats were 
rather scattered, those in operated rats were much less so. Later on, 
starting from the third month, the urinary excretion of 5-HIAA began to 
rise both in control and in operated animals. A maximum increase was 
reached in the fifth month, then the values tended to remain constant 
until the end of the experiment. It may be noted, however, that the 
percentage increase in the operated animals was more marked than that 
in the controls. In fact, whereas operated rats were excreting 65 yg/kg/ 
24hr on the 15th—60th days after the operation and 140 yg/kg/24 hr 
4 months after the operation (more than 100 % increase) control rats were 
excreting 145 ug/kg/24 hr and 200 uwg/kg/24 hr respectively (38 °% increase). 
It is uncertain whether the general increase in 5-HIAA excretion, observed 
in the control rats during the course of our experiments, is due to the 
ageing of the animals (old rats contain in their tissues more 5-HT than 
young animais; Bertaccini, 19586) or whether it is to be ascribed to seasonal 
variation. 

Absorption of dietary tryptophan (TP) in normal and operated animals. 
L-tryptophan is the remote precursor of 5-HT, and hence of 5-HIAA. 
A deficiency in dietary TP produces in human beings and animals both a 
reduction in tissue 5-HT and in urinary 5-HIAA; an excess of dietary TP 
has the opposite effect (Stacey & Sullivan, 1957; Eber & Lembeck, 1958; 
Zbinden, Pletscher & Studer, 1958; Towsend, Katis & Sourkes, 1958). 

It is well known that TP absorption takes place exclusively in the small 
intestine. Nevertheless, it seemed necessary to exclude the possibility 
that the reduced urinary 5-HIAA observed in our operated rats was at 
least partly due to a diminished intestinal absorption of TP. A number 
of rats were therefore given a dose of t-TP 100 mg/kg by stomach tube. 
It was possible to demonstrate by paper chromatography that absorption 
and metabolism of the amino acid were the same both in control and in 
operated animals. In fact, only traces of the administered TP were found 
in the stools and very small amounts in the urines. There were also no 
appreciable differences in the urinary excretion in xanthurenic and kyn- 
urenic acids between operated and control animals, as assessed by visual 
comparison, in Wood’s light, of bidimensional chromatograms of urine. 
Since significant differences between control and operated rats could not 
be found in 5-HT content of the small intestines, the serum and other 
tissues (except brain), it may be concluded that the reduction in urinary 
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excretion of 5-HIAA after removal of the large intestine was not in any 
way due to deficiency in TP absorption or metabolism. 

Tissue levels of 5-HT after removal of the entire gastro-intestinal tract. 
The results obtained are summarized in Table 2: in each experiment tissue 
from two to four rats was pooled. The main conclusions which may be 
drawn from the tabulated data are as follows: (a) In spite of acute removal 
of all the 5-HT-secreting cells of the gastro-intestinal mucosa, there was 
no appreciable change in 5-HT content in the brain, and in the ears and 
paws. (6) Serum, spleen and lungs showed a marked decrease in 5-HT 
content. 


TaBLE 2. 5-HT content (yg/g or pg/ml.) of some tissues of the rat after removal of the 
entire gastro-intestinal tract. Each experiment was done on the pooled tissues from 2—4 rats. 
When an average is given the number of experiments is shown in brackets 


Operated animals, days after operation 
— 





Tissue Controls 1 2 3 
Brain 0-33 (5) 0-24 0°33 (5) 0-26 
Serum 0-82 (3) 0-43 0-27 (2) 0-14 
Spleen 2-40 (5) 2-00 1-43 (5) 1-30 
Lungs 3-00 (5) 1-60 1-50 (5) 0-76 
Ears 0-35 (5) 1-20 0-57 (4) — 
Paws 0-25 (5) 0-22 0-29 (4) 0-13 


5-HIAA excretion after removal of the entire gastro-intestinal tract. The 
results shown in Table 3 demonstrate that removal of the entire gastro- 
intestinal tract produced a tremendous decrease in the urinary excretion 
of 5-HIAA. In the first 24 hr period the urine contained barely 10% of 
the normal 5-HIAA, in the second 24 hr period less than 3-4%. Urine 
volume was of course greatly reduced, but the urinary excretion of 5-HIAA 
in a 24hr period has been shown to be largely independent of the 
quantity of urine: in fact hydrated rats and rats deprived of water 
excreted approximately the same amount of 5-HIAA. 

Urinary excretion of 5-HIAA following tryptophan administration in 
gastro-enterectomized rats. As was previously stated, gastro-enterectomy 
produced a striking reduction in the urinary excretion of 5-HIAA. It 
then seemed worth while to establish whether this was due only to removal 
of the gastro-intestinal 5-HT-secreting tissue or also to lack of L-TP in 
other tissues which may be capable of a complete synthesis of 5-HT, 
e.g. brain tissue and mast cells. Twelve operated rats were therefore given 
4 subcutaneous doses each of L-TP 100 mg/kg, the first immediately after 
operation, and then 4, 8 and 12 hr later. Eight intact rats were subjected 
to the same treatment. Intact rats, and operated rats which were not 
given tryptophan, acted as controls. 

It was observed that the administration of L-TP, while causing a slight 
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increase (up to 20%) in the intact rats, did not produce any increase in 
the urinary 5-HIAA of operated rats, which excreted < 10% of the normal 
5-HIAA. Hence, it does not seem probable that lack of t-TP had played 
any important part in the reduction of urinary 5-HIAA observed in 
gastro-enterectomized animals. 


TABLE 3. Daily urinary excretion of 5-HIAA (yg/kg) after removal of the entire gastro- 
intestinal tract. Each value refers to the pooled urine obtained from 2-4 rats 


After operation 
A. 





Before operation 0-24 hr 25-48 hr 
200 210 14 6 
190 170 12 4 
185 220 11 + 
205 195 26 4 
199 — 12 — 
18 — 27 _— 
210 — 18 — 
150 —- 15 — 
182 — 12 — 
170 — 16 — 

Means 184 198 16-3 — 
DISCUSSION 


The present experiments have demonstrated that removal of the large 
intestine in rats, while leaving virtually unaffected the 5-HT content of 
nearly all the tissues examined, produced a conspicuous decrease in the 
5-HIAA of the urine. Because no alterations in the absorption and meta- 
bolism of dietary L-TP and consequently no deficiency of L-TP, could be 
demonstrated, it is highly probable that the reduction in urinary 5-HIAA 
excretion was due to a diminished 5-HTP (5-hydroxytryptophan) and 
5-HT biosynthesis, caused by a reduction of the 5-HT-secreting tissue in 
the gastro-intestinal tract, namely the enterochromaffin cells. The per- 
centage decrease in urinary 5-HIAA excretion, especially in the first 
2 months after the operation, agrees satisfactorily with the reduction in 
the 5-HT-secreting tissue provoked by removal of the large intestine. 
The obvious conclusion is that biosynthesis of 5-HT is carried out mainly 
in the mucosal enterochromaffin cells, and that urinary 5-HIAA is derived 
mainly from 5-HT of intestinal origin, as is well known (Erspamer, 1940; 
Toh, 1954; Dalgliesh & Dutton, 1957a, 6; Haverback & Davidson, 1958; 
Bertaccini, 1958a; Rosenberg, Davis, Moran & Zimmermann, 1959; 
Erspamer & Testini, 1959; Bertaccini & Chieppa, 1960). Total gastro- 
enterectomy produced a virtual disappearance of urinary 5-HIAA, in 
spite of repeated parenteral administration of very high doses of L-TP. 
This represents strong additional evidence in favour of the hypothesis 
that 5-HT is the specific hormone of the entero-chromaffin cell system 
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(Erspamer & Asero, 1952), and proves also that, under normal conditions, 
practically all urinary 5-HIAA is in fact derived from the 5-HT of intestinal 
origin. 

Removal of the large intestine, which, as already stated, might cause 
even a 50 % reduction in the urinary excretion of 5-HIAA, did not produce 
any significant change in the 5-HT content either of blood serum (i.e. plate- 
lets) or of other tissues, except brain. Thus, in spite of reduced 5-HT 
secretion by the enterochromaffin cells, platelets while passing through 
the small intestine absorb from the plasma enough 5-HT to maintain 
their normal content of 5-HT. It is well known that they can absorb 
5-HT against a gradient of 170/1 (Stacey, 1956). In fact, the 5-HT level 
of the part of the gastro-intestinal tract which was left in situ after opera- 
tion was practically normal, This is in sharp contrast with the decreased 
5-HT content of the gastro-intestinal mucosa in rats on a low-tryptophan 
diet (Eber & Lembeck, 1958). 

Since liver, lungs, ears and paws of operated animals showed a practically 
normal level of 5-HT, it is evident that in these tissues too a normal 
absorption of 5-HT from blood or, more likely, a normal biosynthesis 
of 5-HT, has taken place, also in spite of a reduced biosynthesis of the 
amine by the enterochromaffin tissue. It should be noted that in the above 
rat tissues 5-HT is mainly localized in mast cells, which synthesize 5-HT 
from L-TP (Schindler, Day & Fischer, 1959). 

Total gastro-enterectomy produced a significant decrease in the 5-HT 
content of blood serum, spleen and lungs, but not a total disappearance 
of the substance, as in the case of urinary 5-HIAA. 

Removal of the large intestine provoked in the rat a significant lowering 
of the 5-HT content of brain tissue. The reason for this remains largely 
obscure. It may be that the decrease of brain 5-HT is somehow correlated 
with the increase in basal metabolism and body temperature observed by 
Bertaccini ef al. (1959) in operated animals. Gastro-enterectomized rats, 
even when killed 2-3 days after operation in extremely bad condition, 
showed a virtually normal brain 5-HT content. The most likely inter- 
pretation of this fact is that brain tissue carries out a normal biosynthesis 
of 5-HT independently of the gut. Other possibilities are not easy to 
accept considering that the half-life of brain 5-HT is believed to be 
approximately 10-30 min (Udenfriend & Weissbach, 1958), so that in the 
48-hr survival period the cerebral 5-HT ought to have been renewed 
50-150 times. 

Although the results obtained in the present investigation are, on the 
whole, in favour of the hypothesis that brain 5-HT is completely of local 
origin, other alternatives should be kept in mind. In fact, besides the 
intestine, the rat contains another important source of 5-HT in the mast 
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cells. Under these circumstances it is evidently impossible to decide 
whether the 5-HT found in the brain after total gastro-enterectomy is 
produced in the brain itself from Lt-TP, or whether it is derived by de- 
carboxylation of 5-HTP offered to the cerebral tissue by the mast cells. 





SUMMARY 


1. Removal of the large intestine and total gastro-enterectomy have 
been carried out in rats with the purpose of investigating the effects of 
reduction or absence of the 5-hydroxytryptamine-secreting entero- 
chromaffin cells on the biosynthesis of 5-hydroxytryptamine (5-HT). 

2. Removal of the large intestine produced a considerable decrease in 
the daily 5-hydroxyindoleacetic acid (5-HIAA) urinary excretion, inde- 
pendent of disturbances in tryptophan absorption of metabolism. The 
5-HT content of blood and other tissues examined did not show any 
appreciable change. The only exception was the brain, the 5-HT level 
of which was reduced. 

3. Total gastro-enterectomy caused a virtual disappearance of 5-HIAA 
from the urine and a considerable lowering of the 5-HT in blood, spleen 
and lungs. No change in the 5-HT level was observed in the brain, paws 
and ears. 

4. The enterochromaffin cells of the gastro-intestinal mucosa therefore 
represent the main source of 5-HT in the rat and practically the only source 
of blood 5-HT and of urinary 5-HIAA. The results obtained in gastro- 
enterectomized rats minimize the role of mast cells in the general meta- 
bolism of 5-HT in rats, since, in spite of repeated parenteral administra- 
tion of L-tryptophan, these rats excreted < 10% of the normal 5-HIAA. 

5. The biosynthesis of 5-HT in the brain seems largely independent 
of that in the gastro-intestinal mucosa. The significance of the decrease in 
brain 5-HT after removal of the large intestine is obscure. The main- 
tenance of a normal 5-HT content in the brain during the 24-72 hr period 
following total gastro-enterectomy supports the hypothesis that neural 
5-HT is of local origin. 


This work was supported by a grant from the Rockefeller Foundation, New York. 
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Numerous experiments have shown that acetylcholine (ACh) can initiate 
afferent impulses by an action on the terminals of a variety of sensory 
nerves including mechanoreceptors, thermoreceptors and chemoreceptors. 
It has been suggested that this action reflects the normal participation of 
ACh in the initiation of sensory impulses; but experiments with ACh 
antagonists render this improbable (see Gray, 1959) and a more common 
view is that this action of ACh is a pharmacological phenomenon reflecting 
some specialization of the receptor membrane for sensory function. 

It is, however, possible that these effects of ACh have a more general 
significance and indicate a property of all nerve endings, efferent as well as 
afferent. While it is not clearly established that ACh excites efferent 
endings directly, some evidence to this effect has been obtained in several 
studies on different preparations. Coon & Rothman (1940), for example, 
have concluded that the piloerection which follows intradermal injection of 
ACh is attributable to the initiation of an axon reflex in sympathetic 
post-ganglionic fibres; and Masland & Wigton (1940) have suggested, on 
the basis of action potential studies on ventral spinal roots, that ACh 
injected close-arterially into a muscle may act directly on motor nerve 
terminals to evoke antidromic impulses. Neither type of experiment can, 
however, be taken as convincing evidence of a direct, excitant action of 
ACh on efferent nerve terminals. It has been argued that the piloerector 
effect does not involve sympathetic nerves, but some other unknown 
nervous elements (Brenning, 1956); and there is evidence that drugs may 
set up antidromic impulses in motor neurones indirectly through their 
effects on the skeletal muscle (Eccles, Katz & Kuffler, 1942; Lloyd, 1942). 

In more recent experiments on cats Riker & Szreniawski (1959) have 
provided what appeared to be new evidence for a direct stimulant effect 
of ACh on efferent nerve terminals. They found that ACh injected intra- 
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arterially into the common carotid artery regularly induced action 
potentials in the preganglionic trunk below the superior cervical ganglion, 
even when the trunk had been severed from its central connexions, and 
their analysis led them to conclude that the effect was due to ACh acting 
on presynaptic endings. Since these results have a bearing not only on the 
problem of the special organization of the membrane at nerve terminals, 
but also, as stressed by Riker & Szreniawski, on the mechanisms of 
cholinergic transmission, we have carried out the present experiments in 
order to examine further the excitant action of ACh on preganglionic 
structures. Our experiments demonstrate a similar effect of ACh in 
rabbits, but have led us to a different interpretation of this phenomenon. 


METHODS 


All experiments were performed on adult rabbits of the New Zealand white variety 
anaesthetized with urethane (1-6—-1-8 g/kg) given intravenously in a 25% (w/v) solution. 
A skin incision was made from the sternum along the length of the neck toward the tip of 
the mandible and a tracheal cannula was tied in. The right common carotid artery was 
exposed along its whole length in the neck by tying and cutting the muscles lying over it. 
The area was then flooded with liquid paraffin and dissection was continued under a 
binocular microscope giving x 6 or more magnification. 

Tying of large arteries. The purpose of this dissection was to minimize as far as possible the 
shunting effect of the large arteries which, when present, produced the result that only a 
small fraction of any substance injected into the carotid artery reached the superior cervical 
ganglion. In each experiment all the major branches of the external carotid artery were 
ligated as far cranially from the superior cervical ganglion as possible and in many experi- 
ments the internal carotid artery was also tied off at a level about 5 mm or more above the 
cranial pole of the superior cervical ganglion. Care was taken during ligation of large blood 
vessels to avoid any disturbance of the blood vessels supplying the superior cervical ganglion. 
One artery to the ganglion could usually be seen coming off the ascending pharyngeal artery 
and others seemed to reach the ganglion from the internal carotid artery well proximal to 
the point at which it was tied. This blood supply agrees with the scheme reported by 
Chungcharoen, Daly & Schweitzer (1952). These arteries to the superior cervical ganglion 
were not the only branches left patent. Considerable numbers of small vessels which supplied 
other tissues in the region of the superior cervical ganglion were left untied and, indeed, the 
bulk of the blood flow through the common carotid artery at the end of the dissection 
appeared to pass through these. It was deemed inadvisable to attempt to tie them off, for 
this would have risked injury to the superior cervical ganglion. 

Preparation of nerves. During the course of the dissection and ligature of the large arteries 
the opportunity was taken to identify branches of the superior cervical ganglion which were 
appropriate for electrical recording. The most suitable post-ganglionic branch was then 
dissected free, carefully cleaned and occasionally desheathed for electrical recording. The 
branch chosen was usually one which lay superficially on the external carotid artery, but 
sometimes a branch which ran from the superior cervical ganglion medially towards the 
prevertebral muscles was used. The cervical sympathetic trunk was then cut low in the neck, 
usually about 1 cm above the thoracic inlet and some 4-5 cm below the superior cervical 
ganglion, i.e. well above the middle cervical and stellate ganglia. The vagus and aortic nerves 
were also tied and cut at the same level. The subsequent dissection of the cervical sympathetic 
trunk below the superior cervical ganglion varied from experiment to experiment, depending 
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upon whether it was intended to leave its circulation intact or not, and upon whether it was 
intended to record from a long or short length of nerve. 

In some experiments the major part of the trunk below the superior cervical ganglion 
and above the level of section low in the neck was left undisturbed in its connective-tissue 
investment so that there was a continuing circulation of blood through it. In such experi- 
ments only that part of the cervical sympathetic trunk which lay immediateiy caudal to the 
superior cervical ganglion was freed from the surrounding tissues, and then only for a length 
sufficient to accommodate one or two pairs of recording electrodes, i.e. about 1-1-5 cm, 
When the sympathetic trunk was prepared in this way, arterial blood gained access to it not 
only from vessels in the connective-tissue sheath caudal to the recording electrodes, but 
also from vessels descending in the nerve sheath from the superior cervical ganglion and 
arising usually from the same small branch of the pharyngeal artery which entered the 
superior cervical ganglion at its lower pole. 

In other experiments the cervical sympathetic trunk was cut high in the neck, leaving 
only a length of about 10-15 mm, attached to the superior cervical ganglion, to which the 
recording electrodes could be applied. Usually, when this was done, steps were taken to 
limit access of blood to the stump of cervical sympathetic trunk being recorded from. 
To this end the small blood vessels that could be identified entering the trunk at its upper 
end were tied off. Usually there were from two to four of them which could readily be 
identified and tied under x 16-25 magnification. 

Injections. Acetylcholine was injected as the chloride in the buffered Locke’s solution 
described below. It was injected into the carotid artery through a fine cannula made from 
a 25 or 28 gauge needle attached to a length of polythene tubing and inserted into the central 
end of the tied lingual branch of the external carotid artery. Injections were thus given 
retrogradely without occluding the common carotid artery, into the more or less complete 
cul-de-sac resulting from the ligature of the major arteries. They reached the sympathetic 
trunk and the superior cervical ganglion through the small arteries we have described. In 
those experiments in which the internal carotid artery was tied usually injection of 0-2-0°3 
mil. sufficed to ensure exposure of the ganglion to the drug. When the internal carotid artery 
was not tied, however, 0-5 or even 1 ml. was sometimes required. 

Perfusion. In some experiments, after the preparation had been made in the way just 
described the common carotid artery was tied low in the neck and the prepared superior 
cervical ganglion region was perfused with phosphate-buffered Locke’s solution through a 
polythene cannula tied into the common carotid artery immediately cranial to the occluding 
ligature. The Locke’s solution was oxygenated, had a pH of close to 7-2, and was delivered 
under a pressure of 80 mm Hg. It had the following composition (mm): NaCl 154; KCl, 
5-6; CaCl,, 2-2; Na,HPO,, 2-15; NaH, PO,, 0-85; glucose, 10. When perfusion was established , 
the animal was killed. The flow through the perfused region was quite small, usually about 
1 ml./min, and was allowed to escape into the dead animal’s venous bed. The inferior vena 
cava was cut to avoid any build up of venous pressure. In these experiments injections were 
made as in the normally circulated preparation, i.e. through a cannula inserted into the 
central stump of the lingual artery. This retrograde technique allowed an immediate dis- 
placement of the perfusion fluid and a prompt access of the injected material to the superior 
cervical ganglion. Since the injected volume was 1 ml. and greatly exceeded the combined 
dead spaces of the injection cannula and the perfused carotid region, the superior cervical 
ganglion was exposed to the injected solution for about 1 min. At any time after an injection 
was made, it could be removed by withdrawing 2 ml. or more of fluid through the injection 
cannula, and this was usually done unless a prolonged action was desired. In all the per- 
fusion experiments the room temperature was kept at 36—-37° C, so that this was the tem- 
perature of the preparation, the perfusion fluid and the injections. 

Recording and stimulating. Action potentials were recorded through bright platinum 
electrodes and capacity-coupled amplifiers. The frequency response of these amplifiers was 
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limited by low- and high-frequency shunts, such as to halve the amplitude of signals at 
35¢/s and at 500 or 2000c/s. Electrical shocks were provided by a stimulator giving 
rectangular pulses of current and were applied to the platinum electrodes through a radio- 
frequency isolation unit (Schmitt, 1948). The electrical activity in pre- and post-ganglionic 
branches was displayed simultaneously on two oscilloscope beams and photographed on one 
moving film. 


RESULTS 
Discharges set up by acetylcholine in the preganglionic trunk 


The discharges that ACh set up in the cervical sympathetic trunk in our 
experiments could be grouped into those which appeared to be ascending in 
the trunk, i.e. towards the superior cervical ganglion, and those which 
appeared to be descending in it, i.e. towards the thorax. 
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Fig. 1. Discharges set up by ACh in pre- and post-ganglionic branches of cervical 








sympathetic nerve with intact blood supply, and the effect of dividing the sympa- 
thetic trunk below the recording electrodes. Recording pairs of electrodes are on the 
preganglionic trunk immediately caudal to the superior cervical ganglion (R,) and on 
a post-ganglionic branch (R,). The interruption in the preganglionic trunk shows 
where it was cut low in the neck. Cross-hatching between the cervical sympathetic 
and the carotid artery indicates intact connective tissue sheath and blood vessels. 
A, effect of intracarotid injection of ACh 150 yg; action potentials appear in the post- 
ganglionic branch (R,) and also, with delay, in the preganglionic trunk (R)). 
Between A and B a second transection of the sympathetic trunk at x, just below 
R,. B, effect of ACh 3 mg: the discharge appears in the post-ganglionic (R,) but 
not in the preganglionic trunk (R,). 
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Ascending discharges. In all the experiments the cervical sympathetic 
trunk was transected low in the neck. With recording electrodes placed on 
the cervical sympathetic trunk caudal to the superior cervical ganglion, 
action potentials were usually observed on injecting ACh into the carotid 
artery, provided the sympathetic trunk below the recording electrodes 
was left undisturbed down to its point of transection. The discharge was 
generally of much smaller amplitude than that recorded at the same time 
from a post-ganglionic branch, and was frequently delayed in its onset 
(Fig. 1A). The dose of ACh required to elicit it varied from animal to 
animal and to a greater extent than did the dose required to evoke a 
post-ganglionic discharge. Sometimes it occurred with the same dose as 
required to evoke a post-ganglionic discharge, but often it occurred only 
with doses several times greater. 

In these experiments it seemed likely that the injected ACh had reached 
the sympathetic trunk below the recording electrodes as well as the region 
of the superior cervical ganglion, because most of the blood vessels to the 
trunk had been spared by the dissection. Two types of experiment showed 
that the activity observed did indeed arise caudally to the recording 


electrodes. 
In the first type of experiment, after ACh had been found to initiate a 


discharge in the cervical sympathetic below the superior cervical ganglion, 
the trunk was cut caudal to the recording electrodes (at x in Fig. 1) and 
ACh was again injected. It was found that the preganglionic effect could 
then no longer be evoked, although a discharge could still be observed in 
the post-ganglionic branch. This pattern persisted even when much higher 
doses of ACh were given (Fig. 1B). 

In the second type of experiment a somewhat longer length of the 
cervical sympathetic trunk below the ganglion was prepared and two pairs 
of electrodes were placed on it (Fig. 2, diagram). When ACh had been 
injected and noted to set up activity which was recorded at both these 
electrodes (Fig. 2B), the nerve was cut between the two pairs of electrodes 
(at x) and ACh was again injected. A brisk discharge of action potentials 
now appeared (Fig. 2D) at the caudal pair of electrodes (R,), but not at 
the upper electrodes (R,) nearer the ganglion. 

In these experiments the activity recorded in the sympathetic trunk 
upon injecting ACh was clearly arising in the trunk itself and not in the 
superior cervical ganglion. It could not, therefore, have been due to anti- 
dromic firing from presynaptic endings in the superior cervical ganglion. 
The most probable explanation of the effect is that it was due to ACh 
stimulating aberrant ganglion cells. A number of reports have described 
such cells either scattered along the length of the cervical sympathetic 
trunk below the superior cervical ganglion or grouped together as an 
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accessory ganglion, usually in the middle third of the trunk (see Discussion). 
In the present experiments we were able to confirm the occurrence of such 
aberrant ganglion cells by using the electrophysiological techniques 
described by Douglas & Ritchie (1956). 

In one experiment ACh was observed to initiate a well-marked discharge 
in the cervical sympathetic trunk below the superior cervical ganglion, 
even after the trunk had been separated from the adjacent tissues up to the 
superior cervical ganglion, and after the larger blood vessels descending 
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Fig. 2. Discharges set up by ACh in the cervical sympathetic trunk below the 
superior cervical ganglion, and effect of dividing the trunk between the two pairs 
of recording electrodes. In this and all subsequent figures the conventions used in 
the diagram are those adopted in Fig. 1. A, control records. B, 2 sec after injection 
of ACh 50 yg: similar discharges are recorded at both electrodes R, and Ry. 
Between B and C a second transection of the cervical sympathetic trunk at z 
between the two pairs of electrodes. C, controls. D, responses 2 sec after another 
injection of ACh (5 mg): a discharge appears at R,, but not at R,. 


in its sheath had been ligated. In this, a perfused preparation, ACh 
10 ug/ml. elicited a small response in the post-ganglionic trunk only. A 
higher concentration (250 ug/ml.) gave rise to a more pronounced dis- 
charge in the post-ganglionic trunk and a just detectable discharge in the 
preganglionic trunk. With an extremely high dose of ACh (25 mg/ml.) this 
preganglionic discharge became quite obvious, although still feeble in 
comparison with the post-ganglionic discharges seen previously with ACh 
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in a concentration one hundred times smaller. This effect, illustrated in 
Fig. 3, is one of the two largest (the other being that of Fig. 4) which we 
ever observed in preparations in which the cervical sympathetic trunk had 
been freed, except for its connexions with the superior cervical ganglion, 
and where its principal blood vessels had been tied off. In such pre- 
parations, as we will describe later, ACh usually failed to excite impulses 
in the preganglionic trunk. In this experiment the effect could again be 
accounted for by ganglion cells. These were shown to be present by the 
following experiment. Electrical shocks were applied near the cut end 
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Fig. 3. Discharges set up by 25 mg ACh in a cervical sympathetic trunk which was 
cut and freed up to the superior cervical ganglion. The discharge in the pregan- 


glionic trunk (R,), although one of the two largest observed in these experiments, 
is of small amplitude compared with the post-ganglionic discharge (R,). 


of the freed preganglionic trunk and the compound action potential was 
led off at the recording electrodes nearer the superior cervical ganglion. It 
was found that weak stimuli of 0-01 msec duration evoked not only a B 
but also a C potential. The C potential began to appear at the recording 
electrodes with intensities of stimulation sufficient to activate only the 
more excitable of the B fibres and it grew pari passu with the B potential 
as stronger shocks were applied. Douglas & Ritchie (1956) have analysed 
this phenomenon and have shown it to indicate the presence of synapses, 
preganglionic fibres of type B impinging upon post-ganglionic C fibres. 
There was no doubt that ACh could have gained access to these ganglion 
cells, for despite the fact that the principal blood vessels in the cervical 
sheath had been tied off, droplets of fluid gathered at the cut end of the 
nerve during the course of the experiment. 

Descending discharges. In experiments in which the possibility of exciting 
the ganglion cells caudal to the recording electrodes was excluded by cutting 
away all the nerve below these electrodes, ACh usually failed to set up any 
activity in the stump of the trunk which was left connected with the 
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superior cervical ganglion (see p. 258). In a few experiments, however, it 
did cause a discharge. Since discharges in such preparations were seen only 
occasionally, it seemed unlikely that they were due to antidromic activity 
in preganglionic fibres, for then they would have been expected to occur 
in all these experiments in which the conditions were the same. A more 
probable explanation seemed to be that the activity was in ‘aberrant’ 
post-ganglionic fibres such as have been reported sometimes to run 
caudally in the cervical sympathetic trunk from cells in the superior 
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Fig. 4. Comparison of the effect of ACh on two fascicles of the preganglionic trunk 
in a perfused preparation. Recording electrodes R, and R, are placed on two fascicles 
of the sympathetic trunk freed up to the superior cervical ganglion. A, control. 
B, injection of 100 yg ACh: activity appears only in one fascicle (R,). C, compound 
action potential recorded at R, on stimulating at S (the former site of R,). 


cervical ganglion (see Discussion). In one experiment, in which the effect 
was pronounced, and where the cervical sympathetic trunk split readily 
into fascicles, it proved possible to analyse it. In this experiment the 
‘preganglionic’ cervical sympathetic trunk was split into two fascicles and 
a pair of recording electrodes was placed on each (Fig. 4a). When acetyl- 
choline was injected, it set up activity in one only of these fascicles (Fig. 4B). 
The fascicle which was unresponsive to ACh was then stimulated electrically 
(see 6). This evoked a compound action potential in the other fascicle, i.e. 
that which had responded previously to ACh (Fig. 4C). When, however, 
the stimulating and recording electrodes were interchanged, so that now 
stimuli were applied to the fascicle previously responsive to ACh, and 
records were taken from the other, a compound action potential could not 
be detected. Clearly, the fascicle which had responded to ACh contained 


descending post-ganglionic fibres that were activated by the ascending 
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preganglionic fibres in the other fascicle. In this experiment, therefore, 
the discharges set up in the cervical sympathetic trunk below the superior 
cervical ganglion could readily be accounted for by post-ganglionic fibres 
running caudally in the trunk from the superior cervical ganglion. 

In one experiment we recorded from the cervical sympathetic trunk 
immediately above its point of section low in the neck. The sympathetic 
trunk above the recording electrodes was undisturbed and had its con- 
nective-tissue sheath intact up to the level of the superior cervical ganglion, 
but was transected just below that ganglion. When ACh was injected, a 
small discharge of impulses was recorded at the electrodes on the lower end 
of this cervical sympathetic trunk isolated from its principal ganglia. 
Clearly, these impulses could not be attributed to antidromic firing in pre- 
ganglionic fibres ending in the superior cervical ganglion. 


Failure of acetylcholine to excite antidromic impulses 
in preganglionic fibres 

It was found that the response of preganglionic fibres to ACh could 
usually be tested after taking two precautions to avoid spurious results 
due to stimulation of aberrant ganglion cells. First, the recording elec- 
trodes were placed on the cervical sympathetic trunk no further than 5 mm 
below the superior cervical ganglion, and all the sympathetic trunk below 
the recording electrodes was cut away. Secondly, the access of injected 
ACh to the stump of ‘preganglionic’ trunk was minimized by tying off all 
the blood vessels entering it which could be seen under x 25 magnifica- 
tion. 

Experiments with the circulation intact. In seven experiments on superior 
cervical ganglia with their natural blood supply, clear-cut discharges were 
recorded in the post-ganglionic nerves on injection of 25-50 wg of ACh, 
provided all the major branches of the common carotid artery were tied. 
When the internal carotid artery was not tied, somewhat higher doses 
(up to 150 wg) were required. None of these injections elicited any dis- 
charge in the cervical sympathetic trunk below the ganglion. Nor was 
activity detected in the preganglionic trunk with doses of ACh 10, 20, or 
100 times greater (Fig. 5 A-C). 

Experiments on perfused superior cervical ganglia. In two perfused pre- 
parations ACh 1-10 yg/ml. elicited a discharge in the post-ganglionic 
branch. In the first the effect could be obtained repeatedly with 10 yg/ml., 
but neither this concentration nor one a thousand times greater initiated 
any detectable discharge in the preganglionic trunk. In the second (Fig. 
5D, E), post-ganglionic discharges were obtained with ACh 1 yg/ml. 
However, neither this dose nor doses of ACh ten or ten thousand times 
greater caused any discharge in the preganglionic trunk. 
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In the experiments on perfused ganglia we tested the effect of ACh after 
inhibiting cholinesterase with eserine sulphate (10~° g/ml.) perfused through 
the ganglion for about 10 min before the ACh was injected. It was found 
that, although ACh could then initiate discharges in the post-ganglionic 
nerves in concentrations ten times smaller than those effective before 
eserine, there were again no discharges in the preganglionic trunk in either 
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Fig. 5. Two preparations showing failure of ACh to initiate activity in the pre- 
ganglionic fibres of the cervical sympathetic trunk. One recording electrode, R,, 
is on the preganglionic trunk close to the superior cervical ganglion; the other, R2, 
on a post-ganglionic branch. A, B, C, froma preparation with normal blood supply. 
A, control. B, 25 ng ACh; threshold response in the post-ganglionic branch only. 
C, a much higher dose of ACh (2-5 mg) initiates a discharge, again confined to the 
post-ganglionic branch. Note that the preganglionic recording was made at about 
5x higher gain. D and E, from a perfused preparation. E shows effect of an enor- 
mous dose of ACh (10 mg/ml.) involving only the post-ganglionic branch (com- 
pare with the control D). In this preparation the threshold dose for post-ganglionic 
discharge was 1 pg/ml. 
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of the two experiments. Even when enormous doses of ACh were given 
there was still no obvious preganglionic effect in one preparation and only 
a very small and delayed discharge in the other. 


DISCUSSION 


Anatomy of the cervical sympathetic trunk. It is known that ganglion cells 
occur along the length of the cervical sympathetic trunk between the 
stellate and the superior cervical ganglia. Thousands of such aberrant 
ganglion cells may be present, both diffusely scattered or gathered into 
aggregations which sometimes form ganglia visible to the naked eye, as in 
the accessory cervical ganglion, which is of common occurrence (Langley, 
1893; Douglas & Ritchie, 1956). The post-ganglionic fibres arising from 
these various cells occasionally leave the trunk as visible grey rami, but 
more often they run in the trunk cranially or caudally, intermingled with 
the preganglionic fibres supplying the superior cervical ganglion. In 
addition to these fibres, there may be others which descend caudally from 
ganglion cells lodged in the superior cervical ganglion. While all these 
arrangements, which have been schematized in Fig. 6, may not occur in 
every animal, they are common and some are to be expected in both cats 
and rabbits. Clearly, the ‘preganglionic’ cervical sympathetic nerve may 
contain ascending or descending post-ganglionic fibres. 

Discharges initiated by acetylcholine in the cervical sympathetic trunk. The 
discharges evoked by ACh in the cervical sympathetic trunk in our experi- 
ments seem explicable on the above anatomical grounds. Most of the dis- 
charges were found to be ascending towards the superior cervical ganglion 
and appeared to be due to ACh exciting aberrant ganglion cells scattered 
in the trunk (H, Fig. 6) or in the accessory cervical ganglion (Fig. 6C, 2 
and F’). The discharges we occasionally observed when recording from a 
short length of the cervical sympathetic trunk immediately caudal to the 
superior cervical ganglion seemed attributable to the presence of caudally 
projected post-ganglionic fibres (Fig. 6G). Certainly this was demon- 
strated in one instance where a favourable anatomical arrangement per- 
mitted analysis (Fig. 4). ! 

The question arises whether similar stimulation of aberrant ganglion 
cells accounts for the effect of ACh which was observed by Riker & 
Szreniawski (1959) in the cat’s cervical sympathetic trunk and which they 
believed to be antidromic impulses in preganglionic fibres. It is probable 
that in Riker & Szreniawski’s experiments the ACh injected into the 
carotid artery gained access to the cervical sympathetic trunk over most 
of its length, for they freed it from its investing tissue only over the lower 
7-8 mm in the neck. Since histological evidence shows that this trunk 
in the cat also contains numerous caudally projected axons (Fig. 6D, H), 
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it would seem that caudally running impulses in post-ganglionic fibres are 
to be expected after ACh injection in such experiments. 
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Fig. 6. Diagrams showing arrangements of pre- and post-ganglionic fibres in the 
cervical sympathetic trunk. A, the conventional arrangement. B-—H, alternative 
arrangements known to occur. Preganglionic fibres are indicated by the solid lines; 
post-ganglionic fibres by the interrupted lines. The numbers below each diagram 
refer to the original papers and the animals studied: 1, Langley (1893), cat. 
2, Foley (1945), cat. 3, Butson (1950), cat; rabbit. 4, Douglas & Ritchie (1956), 
rabbit. 5, this paper, rabbit. 


Riker & Szreniawski do not discuss the evidence for such cells, but they do consider the 
possibility that their results might have been due to some hypothetical post-ganglionic 
fibres. These are represented (their Fig. 26) as originating in ganglion cells that also send 
axons into the internal and external carotid nerves. Since they observed that discharges 
might occur in these post-ganglionic branches of the cervical sympathetic ganglion without 
& simultaneous discharge in the cervical sympathetic trunk, they rejected the possibility that 
cells with caudally projected axons are responsible for the discharges they observed in the 
preganglionic trunk. There is no evidence that the same ganglion cells which send axons 
caudally also send axons cranially ; if we make the simpler assumption that they do not, it is 
easy to account for the quantitative differences which Riker & Szreniawski observed, for 
these may merely reflect the different numbers and situations of the ganglion cells and their 
accessibility to injections. Such quantitative differences may also explain the observation 
of Brown & MacIntosh (1938) that intracarotid injection of ACh in the cat ‘sets up a dis- 
charge only in the post-ganglionic sympathetic trunk’. We usually required higher doses of 
ACh to excite the ganglion cells in the cervical sympathetic trunk, where the circulation is 
sluggish, than those in the superior cervical ganglion, where it is brisk. 
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The insensitivity of preganglionic endings to acetylcholine. While the 
presence of abundant ganglion cells in the complex arrangements shown in 
Fig. 6 makes it difficult to test how the preganglionic terminals in the 
superior cervical ganglion react to ACh, it appears that in the rabbit the 
test can be made by taking some simple precautions. When these were 
taken, it was clear that ACh did not elicit any detectable discharge in the 
cervical sympathetic trunk below the superior cervical ganglion, even when 
given in amounts from ten to ten thousand times greater than those eliciting 
discharges in its post-ganglionic branches. It seems that these preganglionic 
endings in the rabbit are highly resistant to the excitant action of ACh. 
The same appears true of the preganglionic fibres to the stellate ganglion 
of the cat. After ACh, Brink, Bronk & Larrabee (1946) observed dis- 
charges in its post-ganglionic branches with 25 yg/ml., but no discharges 
in its preganglionic branches even with 500 ng/ml. It appears to us that 
the only conclusion justified by their results and ours is that ACh fails to 
initiate impulses in preganglionic fibres even when given in amounts grossly 
in excess of those exciting ganglion cells. 

In discussing the earlier experiments in which no preganglionic activity was apparent in 
response to ACh, Riker & Szreniawski have argued that conceivably the recording techniques 
used may have been inadequate, and unable to deal with ‘the relative asynchrony in the 
acetylcholine-induced discharge’ in the preganglionic trunk. This argument is unconvincing, 
for discharges were readily detected in the preganglionic nerves in the earlier experiments 
in response to potassium excess or calcium deprivation, and there is no reason to believe that 
such discharges were any more synchronous. It appears that the only reason Riker & 
Szreniawski have for assuming that the preganglionic discharge to ACh is ‘relatively 
asynchronous’ is that it was always of smaller amplitude than the discharge in the post- 
ganglionic branches. While this assumption allows them to reconcile the smallness of the 
preganglionic discharge with their generalization that the characteristic effect of ACh at the 
ganglionic synapse is to induce repetitive activity in the presynaptic as well as the post- 
synaptic nerves, there is no evidence for it. The smallness of the signals seems to accord better 
with the different explanation we have offered, i.e. that the discharge in the preganglionic 
trunk results from activity in only a fraction of the fibres and that those are post-ganglionic 
fibres of the thin non-myelinated type. 


The finding that ACh over an enormous dose range is unable to initiate 
impulses from preganglionic endings would seem to set these endings apart 
from the other efferent cholinergic endings to skeletal muscles and sweat 
glands, which do appear to be excited by ACh. The difference may be one 
of degree only, for ACh does not seem regularly to excite antidromic 
impulses in these motor fibres. Although Masland & Wigton (1940) 
reported ‘showers’ of impulses in ventral root fibres when ACh was in- 
jected into the muscles, Diamond (1959) has recorded only feeble effects 
involving a few fibres; and while Coon & Rothman (1941) observed axon 
reflex sweating to ACh, this was less obvious in experiments by Collins, 
Sargent & Weiner (1959). The inexcitability of the preganglionic endings 
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to ACh might possibly be due to their exceptionally rich investment of 
cholinesterase; McIsaac & Koelle (1959) postulate such a protective role 
for this cholinesterase. Our experiments with eserine, however, suggest 
that cholinesterase is not a major factor in preventing antidromic impulses. 
A further possibility is that the behaviour of preganglionic endings reflects 
their anatomical arrangement in relation to the post-synaptic structures 
rather than the properties of the endings themselves. It has been argued 
that antidromic impulses occurring in motor nerves to skeletal muscle 
after the application of eserine are secondary to muscular activity ; that it is, 
in fact, the electrical currents generated in the muscle which trigger off the 
impulses from the motor nerve endings (Eccles et al. 1942; Lloyd, 1942). 
The antidromic impulses seen after ACh might well have a similar ex- 
planation and be secondary to effector organ activity. In a study on 
regenerating nerve endings remote from the organs they normally inner- 
vate, Diamond (1959) found that, although sensory endings were readily 
excited by ACh, motor nerve endings were not. It seems an open question 
whether ACh can indeed excite any antidromic impulses in cholinergic 
nerves without the intervention of currents developed in post-synaptic 
structures. The anatomical relation between preganglionic endings and 
ganglion cells may not be favourable for such stimulation. 


SUMMARY 


1. In view of reports that acetylcholine sets up antidromic activity from 
a variety of efferent nerve endings, experiments have been performed on 
rabbits to test the sensitivity of preganglionic endings to acetylcholine. 

2. When acetylcholine was injected into the common carotid artery, 
impulses appeared in the nerves above and below the superior cervical 
ganglion, i.e. both in its post- and preganglionic branches. 

3. Electrophysiological analysis of the preganglionic trunk corroborated 
and extended previous evidence of its anatomical complexity and showed 
it to contain ganglion cells and post-ganglionic fibres. 

4. The discharges set up by acetylcholine in the ‘preganglionic’ trunk 
all seemed explicable on the grounds that they were post-ganglionic dis- 
charges in aberrant fibres of this kind. 

5. In experiments in which precautions were taken to avoid discharges 
in such aberrant post-ganglionic fibres, no activity could be detected in 
preganglionic fibres either in normally circulated or in perfused ganglia 
with doses of acetylcholine ten to ten thousand times greater than those 
exciting ganglion cells. 

6. It is concluded that few, if any, sympathetic preganglionic fibres are 
excited to discharge antidromic impulses when their endings are exposed 
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to injected acetylcholine. This behaviour is compared with that of sensory 
endings and other efferent endings. 


This investigation was supported by research grants (B 1093 and B 1319) from the National 
Institute of Neurological Diseases and Blindness of the National Institutes of Health, United 
States Public Health Service. 
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Electrophoretic studies of sera of foetuses show different absolute and 
relative concentrations of serum proteins compared with the maternal sera 
(Josephson & Gyllenswird, 1957). Certain proteins have been described 
which occur in foetuses but not in adult animals (Pedersen, 1947; Schein- 
berg, Cock & Murphy, 1954; Deutsch, 1954; Dancis, Braverman & Lind, 
1957; Bergstrand & Czar, 1957, 1958; Myant & Osorio, 1958), and certain 
constituents of adult serum do not occur in the foetus (Ewerbeck & Levens, 
1950). The pattern of proteins changes with development of the foetus and 
the neonate. With the exception of antibodies, little is known of how much 
and which of the definitive serum proteins of the foetus are derived from 
the mother in primates. The transfer of antibodies from mother to young 
before and after birth has been studied in many laboratory animals and in 
man. Brambell (1958) has recently extensively reviewed this field. Nearly 
all the evidence for their transfer to the foetus in mammals (other than 
ungulates) is based on immunological studies comparing the titre of 
specific antibodies in maternal blood with their titre in foetal or cord 
blood. 

The transmission of other serum proteins has received little attention. 
Heterologous albumin has been shown immunologically to reach the 
foetus in the rabbit (Schechtman & Abraham, 1958). Whipple, Hill, 
Terry, Lucas & Yuile (1955) studied the transfer of 1I-labelled serum 
proteins in rabbits and dogs when some labelled protein (unspecified) was 
found in the foetuses of the rabbit but not in those of the dog. Dancis & 
Shafran (1958) have shown that ™I-labelled serum albumin, y-globulin 
and f-globulin were transferred to the guinea-pig foetus. No detailed 
study of the comparative transmission of other homologous serum proteins 
to the foetus or to the liquor amnii in other animals has been reported. 

The concept of the selective transmission to the foetus of particular 
types of antibody is now well recognized. Evidence is accumulating that 
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certain incomplete antibodies and antibodies with low sedimentation 
constants (7S) are selectively transmitted to the foetus, whereas complete 
blood-group antibodies and those with high sedimentation constants (198) 
are not. Some heterologous antibodies cannot be demonstrated in the 
human new-born baby, despite the presence of a high titre in the mother. 
The selective transfer of types of homologous and heterologous antibodies 
has been studied quantitatively by immunological methods in pregnant 
rabbits, guinea-pigs and rats, and in suckling rats. It has been shown that 
there is a graded rejection of antibodies prepared in various species to the 
same antigen (Batty, Brambell, Hemmings & Oakley, 1954) and that these 
heterologous proteins may interfere with the transmission of others which 
normally are absorbed (Brambell, Halliday & Morris, 1958). 

The anatomical membrane concerned with selective transmission in 
orders other than primates has been considered to be the entoderm of the 
gut or the yolk sac. On the basis of the evidence of all these comparative 
studies it has been postulated that transmission in man and other primates 
was by way of the amniotic fluid and the foetal gut (Brambell, Brierly, 
Halliday & Hemmings, 1954). The anatomy of the placental systems and 
foetal membranes, however, varies widely among different orders of animals. 
The human being possesses a specialized haemochorial placental system 
quite unlike that of other orders, and the yolk sac in mid and late preg- 
nancy is entirely vestigial (Whipple et al. 1955). A comparable system is 
found only among the catarrhine (Old-World) monkeys and anthropoid 
primates (apes). The placenta (catarrhine) of the rhesus monkey comes to 
resemble the human placenta very closely in the later stages of pregnancy 
(Amoroso, 1952). 

The experiments described here, with 11I-labelled proteins injected into 
pregnant rhesus monkeys, provide evidence that there is a selective 
transfer of certain maternal serum proteins to the foetus and of others to 
the surrounding liquor amnii, and that the latter plays an unimportant 
part in their transmission to the foetus. A preliminary communication 
(Bangham, Hobbs & Terry, 1958) described this work. 


METHODS 


Animals. Six pregnant rhesus monkeys (Macaca mulatta) (B, C, D, F, G, J) weighing 
6-8 kg were used. They were estimated to be within about 4—6 weeks of the end of their 
gestation periods except for monkey G, which was thought to be close to term (6 months). 
Since the exact length of gestation was not known Table 1 shows the weights of the mother 
and foetus and measurements of the latter at operation. No simple correlation between 
weight of the foetus and the estimated period of gestation was found. They had all been 
maintained in good condition for at least 4 months before the experiment. For 1-2 days 
immediately before and for the duration of the experiment they were given water containing 
carrier iodide (0-02 % Nal) to drink ad libitum. 
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Preparation of 1*1I-labelled serum proteins. Immediately before the monkeys were given 
their carrier-iodide drinking water a sample of blood was taken and the serum removed. 
Within 24 hr and after previous oxidation with free iodide at pH 4, 0-3 ml. of this serum 
was iodinated with carrier-free }*1I at not more than 1 atom per molecule (assuming an 
average molecular weight of 60,000 for all the serum proteins), according to the method of 
McFarlane (1958). In order to avoid risks of radiation damage the labelled serum was then 
diluted with 1-0 ml. of the original serum and the volume brought to 5 ml. with sterile 
physiological saline (SPS). The labelled serum was injected as the dose within 24 hr of 
iodination. The specific activity of the undiluted labelled serum was 1-6—2-0 me in about 
20 mg protein and after passuge through Deacidite FF (The Permutit Co., London) it 
contained about 2-3% of radioactivity which was not precipitated with trichloroacetic 
acid (TCA). 


TaBLE 1. Weights and measurements of the foetuses at operation. Although the exact 
period of gestation was unknown there was no simple correlation of these measurements 
with the estimated duration of pregnancy. Rhesus monkeys, except H (green). Monkey @ 


was considered to be very close to term 
Length (cm) 








Weight (kg) Ischial 
‘ A Heel—__ tuberosity— 
Monkey Mother Foetus cranium cranium 

Cc 7°25 —_— — —_ 
D 7-63 0-330 31 19 
E 5-2 0-400 35 21 
F 6-4 0-325 27 17-5 
G 6-21 0-440 28 20 
J 5-8 0-480 — — 


Preparation of *\Cr-labelled red cells (monkeys B, C, D, G). At the same time as blood for 
serum was taken, another 5 ml. of blood was taken and delivered into acid citrate dextrose 
(ACD) and stored in the cold during the night. The red cells were then well washed five 
times in SPS and finally suspended in ACD. The red cells were labelled by adding 0-8—-1-0 me 
of carrier-free *'Cr (The Radiochemical Centre, Amersham) and allowed to stand at room 
temperature for 1 hr. They were then washed thoroughly with saline and kept in ACD at 
+4° C until they were used next day. The final activity was 30,000-40,000 counts/min/mg 
haemoglobin, measured at 413 my in a spectrophotometer. 

Samples of body fluids. All samples of blood and liquor were taken into sterile paraffined 
syringes. Samples of urine for chromatography were taken from both mother and foetus at 
operation by direct needle puncture of the bladder. 

Column electrophoresis of serum proteins. Serum or liquor samples measuring 0-5—1-0 ml. 
were subjected to electrophoresis in borate buffer » = 0-5, pH 8-5 on columns (30 x 1-25 cm) 
of treated cellulose (J. H. Munktell, Sweden). The columns were developed for 8-5 hr at 
600 V and the proteins then eluted in about forty 2-0 ml. fractions. Each fraction was 
measured for protein content and radioactivity. 

Chromatographic isolation of gamma-globulin on diethylaminoethyl (DEAE) cellulose columns. 
Unhaemolysed samples of 1-0—3-0 ml. of serum or liquor were dialysed extensively against 
0-01 and 0-02m phosphate buffer pH 6-2 and chromatographed on columns of 1 g of DEAE 
cellulose. The gamma-globulins were eluted with 0-01™m buffer in 2-0 ml. fractions. Each 
fraction was then measured for protein content and radioactivity. 

Electrophoresis of foetal gut contents. The foetus from monkey EZ was dissected within 
60 min of delivery and the contents of the stomach, jejunum and ileum aspirated with 
syringes. The fluid from each of the latter two was mixed thoroughly with 1 ml. of carrier 
normal serum, centrifuged and filtered. The filtrate was then subjected to column electro- 
phoresis as described above. 
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Precipitation with 10% trichloroacetic acid (TCA). Small portions (0-1 ml.) of samples 
were mixed with carrier iodide ; samples with low protein concentration were also mixed with 
carrier serum, and then added to 10 ml. of 10% aqueous TCA. After thorough mixing the 
precipitate was centrifuged and a sample of the clear supernatant fluid was counted. 

Measurement of protein content. Samples from chromatographic or electrophoresis columns 
were measured for optical density at 280 my in a Unicam (Cambridge Instruments) or a 
Uvispek (Hilger & Watts) spectrophotometer. Protein estimations on whole serum were 
made with biuret reagent. 

Measurement of radioactivity. 1*I and “Cr radioactivity was measured in 2-0 or 3-0 ml. 
samples in a well-type scintillation counter. The efficiency for 4I was 16% and the back- 
ground 130 counts/min. Foetal red cells in 6 ml. of blood were washed in 6 x 30 ml. sterile 
normal saline containing about 1% Nal and counted as 3 ml. of packed cells. 

Paper chromatography. Maternal and foetal serum and urine and liquor were loaded 
without pre-treatment on strips of chromatography paper 1 in. (2-5 cm) wide (Whatman 
No. 3mm) and developed by ascending chromatography in n-butanol-acetic-acid—water 
(5-3-1), and in n-butanol—dioxane-ammonia. After 18 hr the strips were dried and 
placed on X-ray film for 2 weeks. From the developed radioautograph it was possible to 
identify the radioactive compounds by comparison with known marker spots. 


Transplacental experiments 


Monkeys B, C, D, G, J. The labelled serum prepared for the dose was added to the labelled 
red cells (monkeys B, C, D, G) and the solution made up to 10 ml. immediately before 
injecting it into the short saphenous vein. Five minutes later a sample of blood was taken 
from the opposite saphenous vein. From monkeys G and H a sample of blood and a sample 
of liquor uncontaminated by blood was withdrawn percutaneously through a No. 19 needle 
21 hr after the dose. At operation 8-9 hr after the dose (monkeys B, C and D) and 24 hr 
after the dose (monkeys G@ and J), atropine was given intravenously and anaesthesia induced 
with thiopentone, and maintained in closed circuit with cyclopropane; monkeys G and J 
were maintained under anaesthesia with open ether. A mid-line incision was made through 
the lower segment of the uterus and the foetal membranes exposed and wiped clean and dry. 
From 60 to 100 ml. of liquor was aspirated through a clear avascular part of the membranes. 
The amniotic cavity was then entered and the foetus delivered. The umbilical cord was 
gently milked towards the foetus, the cord ligated and the foetus removed. The foetus was 
then weighed, washed in warm running water and exsanguinated by heart puncture. A 
sample of blood was taken from the uterine vein just before or just after delivery of the 
foetus. The uterus was then closed and the abdominal wall sutured. 

Experiments on absorption of serum proteins from liquor amnii. 1"I-labelled maternal 
serum proteins prepared in the same way were injected percutaneously into the amniotic 
cavity of the conscicus animal with a No. 23 gauge needle, after mixing with 3 ml. of liquor 
removed beforehand through the same needle. Samples of the liquor were taken at operation 
8 hr later (Z) and at 3 and 6hr by aspiration percutaneously, and at operation 24 hr 
later (Ff). Caesarian section was performed as described; samples of liquor uncontaminated 
with blood, and of maternal and foetal blood and urine were taken at operation. 


RESULTS 
Transplacental experiments 
Transmission of *\Cr-labelled red cells 
In no case was any significant amount of radioactivity measured in the 


foetal red cells. It was calculated that at least one part of labelled maternal 
red cells in three million would have been detected in the foetal red cells 
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counted under the conditions of the experiment. This result was taken to 
mean that at least no gross placental trauma had occurred and that there 
was no gross leakage of maternal blood to the foetal circulation. 


Transmission of }31I-labelled serum proteins 


Qualitative analysis. A general qualitative picture of the patterns of 
protein and radioactivity in samples can be gained by inspection of the 
elution diagrams in Fig. 1. The diagram in Fig. 1a shows the correlation of 
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Fig. 1. Elution from electrophoresis on column of treated cellulose; in borate 
buffer pH 8-6, 0-1. protein measurement at 280 my; ..... counts/min 
above background (larger dots, as smaller but x4 scale). Rhesus D and G: 
approximately 1-5 me of 1!I-labelled maternal serum proteins injected I.v. into 


mother. 
Index mark 
(counts/min) 


a, Maternal serum G, 1 ml. dose (diluted) 2,000 
b, Maternal serum G, 24 hr, 1 ml. 200,000 
c, Foetal serum D, 8 hr, 1 ml. 400 
d, Foetal serum G, 24 hr, 1 ml. 400 
e, Liquor cone. D, 8 hr, 1 ml. 2,000 


f, Liquor cone. G, 24 hr, 1 ml. 2,000 
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radioactivity with the concentration of the serum proteins, separated by 
electrophoresis, in the dose. Figure 1b shows the change in pattern of 
labelled proteins 24 hr after injection intravenously into the maternal 
circulation. Although there are many changes in detail the over-all 
pattern is much the same as that of the dose. The foetal serum taken at 
8 hr (Fig. 1c), on the other hand, shows two main peaks of radioactivity, 
in the albumin and y-globulin regions. At 24 hr (Fig. 1d) radioactivity in 
the y-globulin is increased, both absolutely and in relation to that in the 
albumin. Although there is radioactivity in the intervening «- and 
B-globulin region, particularly at 24 hr after the dose, the amount is 
relatively small. 

The liquor amnii (Fig. le and f) was found to contain a large amount of 
radioactivity in the albumin region at both 8 and 24 hr, although the 
concentration of albumin is small. The over-all pattern of radioactivity is 
discernibly different from that of the dose of maternal serum at 24 hr, in 
that relatively small amounts are present in the globulin region. Further- 
more, there was no difference between those monkeys which were 5 months 
pregnant (e.g. Fig. le) and monkey G@ (Fig. 1f) which was close to term, 
although the protein pattern had undergone a marked change due to the 
disappearance of a particular protein of the liquor described below. There 
was no peak of radioactivity corresponding to this protein. 

In order to confirm that the radioactivity in the y-globulin region 
behaved chromatographically like y-globulin, dose, maternal and foetal 
sera and liquor were fractionated on DEAE cellulose columns. Figure 2 
illustrates the elution of the various constituents of ‘y-globulin’ deter- 
mined in maternal and foetal sera at 24 hr in monkeys G and J. It can be 
seen that two major y-globulin constituents in both monkeys contained 
radioactivity in both maternal and foetal serum. The second protein peak 
(in a displacement volume of 20-26 ml.) occurred in both maternal and 
foetal serum of monkey @ (Fig. 2a and c) but in scarcely discernible 
quantity in the serum of monkey J (Fig. 2b and d). The liquor of monkey J 
was shown to contain a small amount of radioactivity and protein cor- 
responding with the first protein but none with the second (Fig. 2e). 

Further confirmation that electrophoretic y, and yz, globulin were trans- 
mitted to the foetus was obtained by extending the period of time of 
electrophoresis before elution on a column on which 3 ml. of foetal serum 
had been loaded. Figure 3 shows radioactivity occurring under the two 
peaks of y-globulin. 

Quantitative analysis. Although the general picture may be appreciated 
simply by studying the figures, it is more difficult to analyse the results 
quantitatively. Only approximate estimations have been attempted. The 
total protein and radioactivity in the albumin peaks have been summed 
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respectively. The shapes of the peaks were fairly well defined. Where 
radioactivity occurred in the «-globulin region, the collecting tube on the 
back slope of the albumin peak showing the lowest count, or lowest 
protein concentration, has been included but no attempt has been made to 
extrapolate the albumin protein curve or the radioactivity curve down to 
zero. The estimation of ‘total globulin’ protein and radioactivity has been 
made by adding the values for the remaining tubes. Specific activities for 
albumin have been calculated by dividing the highest count contained in 
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Fig. 2. DEAE cellulose column, eluted with phosphate buffer, pH 6-2, 0-02m. 
protein measurements at 280my; ..... counts/min above background 
(larger dots, as smaller but x 10 scale). Rhesus G and J; approximately 1-5 mc of 
181]-labelled maternal serum proteins injected 1.v. into mother. 





Index mark 
(counts/min) 


a, Maternal serum G, 24 hr, 1 ml. 50,000 
b, Maternal serum J, 24 hr, 1 ml. 500,000 
c, Foetal serum G, 24 hr, 1 ml. 400 
d, Foetal serum J, 24 hr, 1 ml. 10,000 


e, Liquor G, 24 hr, 1 ml. 400 
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a tube by the highest figure for optical density (protein content); this 
‘peak specific activity’ represents that of the purest fraction of the protein 
obtained. Secondly, the ‘total specific activity’ has been calculated by 
dividing the total counts by the total optical density. For globulins the 
‘peak’ figure relates to y-globulins and it has been taken from either the 
clearest y-globulin peak on electrophoresis eluates or from that of the first 
protein peak fraction from the chromatographic column eluate. The figures 
for ‘total specific activity of the globulins’ represent total globulin counts 
divided by total globulin protein. This procedure gives only a rough 
measure of the transmission of ‘globulins’ for comparison with the well- 
defined peak of albumin or the total of the globulins of the original serum. 


Foetal serum 8 hr gre 
150 
100 e 
£ 
E + 
oO Sd 
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Fig. 3. Column electrophoresis as described in text. - protein measurement at 


280 my; ..... counts/min above background. Rhesus monkey C, approximately 
1-6 me of 1'I-labelled maternal serum proteins injected 1.v. into mother. The 
figure shows peaks of radioactivity in the position of the y, and y, globulin. 


Moreover, a much larger percentage of the globulin counts was contributed 
by y-globulin in the foetal serum than in the maternal serum. A valid 
comparison of the amount of y-globulin transmitted would be to compare 
the foetal concentration of y-globulin with y-globulin isolated from the 
original whole maternal serum sample. It is difficult to measure y-globulin 
in whole serum in a strictly quantitative way. Complete recovery was not 
obtained from DEAE columns nor adequate separation on column electro- 
phoresis; and, furthermore, it is conceivable that the radioactivity in the 
B- and «-regions of foetal serum may actually represent ‘antibody’ proteins 
which move electrophoretically in this region. Table 4 shows that even 
with these limitations clear differences in albumin:globulin count ratios 
occur in foetal serum and liquor compared with maternal serum. 
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Table 2 shows the counts per millilitre of individual samples and the 
approximate ratios of total albumin counts in maternal and foetal serum 
and amniotic fluid. The concentration in maternal serum at 24 hr after the 
dose is nearly half that in the sample taken at 5 min. At 21 hr (the first 
samples taken from monkeys G and J) the concentration in the liquor is 
1/100-1/160 that in maternal serum at the same time. At 8 hr the foetal 
serum contained 1/545, and at 24 hr 1/200 that in the maternal serum taken 
at that time. The liquor thus contained about twice as much radioactive 


TABLE 2. The concentrations of labelled albumin in maternal and foetal serum and in liquor 
at various times after labelled serum proteins had been given intravenously to the mother, 
and the ratios of these concentrations in these fluids 


Counts/ml. of }*I albumin. Dose I.v. to mother 


Sample and time (hr) 


after dose Monkey D Monkey G Monkey J 
MS 5 min 1,044,000 — 1,424,000 
8 873,000 = — 
21 — 356,000 1,090,000 
24 --- — 805,000 
L 8 6,462 — = 
21 — 2,120 10,800 
24 — 3,580 17,900 
FS 8 1,610 1,668 4,006 
Ratios of counts/ml. of I albumin. Dose 1I.v. to mother 
Sample and time (hr) Approximate 
after dose Monkey D Monkey G Monkey J ratios at 24 hr 
MS1:MSop 8 1-19 a a= 
1 — -— 1-3 1-2 
24 —_ _— 1-76 = 
MSop:L 8 140 — — =~ 
21 oo 165 100 100-160 
24 — 100 (44-6) a 
MSop:FS_ 8 545 “= = — 
21 — (200) (273) 200 
24 —- 214 200 = 
MS, maternal serum; MSI, maternal serum taken 5 min after the dose was given; 


MSop, maternal serum taken at operation (in monkey D at 8 hr, monkeys G and J at 24 hr); 
FS, foetal serum taken at operation; L, liquor. 


albumin per millilitre as the foetal serum. As will be discussed later, it is 
possible that about half of the albumin in the foetus may have diffused 
out of the circulating blood volume and it appears therefore that albumin 
reached the foetus with probably only slightly less facility than it entered 
the liquor by 21 hr. Assuming the total volume of the liquor to be 100 ml. 
and the circulating plasma volume of the foetus to be 15 ml., the total 
amount of radioactive albumin in the liquor was some 5-10 times the total 
amount in the foetus. A rough calculation showed that about half a gram 


of albumin entered the liquor in 24 hr but no allowance was made for the 
18 PHYSIO. CLIIT 








‘eso[nyjoo BWA uo Alpeorydesd 
-oyeUIOIYO 10 ATTeoTZe104dor40010 pozejost UTpNgo]s-4 04 sAezor UITNQoO]S 10 AZLATIOW OYToods , yeod , oT, ‘uINA08 7ez003 ‘g,q7 f onbyy ‘ry S UINses PeuIEyeUL ‘QW 


9¢ cP 06¢ 066 992 Le — 
=n — Zot 


000°0SF Ost‘T 08e‘z sig rg -_ ¥% 
— Z16 068'T — - = 16 
_ — _ — — L6 8 

ol 009FI OOL‘LI 009°6 0L6'8 ~ ¥% 


= OOL‘ST 009°LT a —_ IZ 


— — 8 


¥ 
& Sa 


008°92 0082 = - urlul ¢ SW 
T1870], yeod-A - yeod-A [810 yeod-A iy pus ojdureg 
pe ve J X A 

7 a c 7) “*  Soyuoyy 














 sanaenia 


1OY}OUL OF *A‘I ESOT 
(ux Ogg 98 wo [/uor4dsosqe 4run/uTUI/szUNOD) Jy__ UT[NGO[S Jo sorytATyoR Oyloodg 


_ 
aonbiy 07ur esoqy 


89 rI — £63 og LST LOI ¥% 

oe = £1Z _ _ ~ am 8 

OIXOS 1X93 _ 009°8T 000°0% 080°F 098's ¥% 
a = —_ 08°31 000°9T ~ ~ 


13 
8 
¥ 9% 00¥'19 000‘9L 008‘Zt O0L‘rS ¥ 
- - 000‘LL 008‘98 — —_ 12 
— — — — _ — 008‘TL 009'S6 8 
—_ — 000°631 000'FET _ _ _ _ ur g 
1890], qwog 1840], 


—— 
~~ YY 


= 
x 
ay 
S 
= 
9 
RS 
9 


SW 
yvog [810], yVog T8109], yeog Iy pue ojdureg 





v 





a ra) i Aoyquoyy 


a ——— f 
ronbiy out eso IOYJOUL 04 *A‘I OBOCT 





(ux ogz 98 wo [/uoMds0sqe 4run/uTuT/s}zUNOd) J,_¢, UTUINGTe Jo AZIAKQOR OYToedg 


reyjou ey3 03 (yy ‘gq sXoxuour) sonbr oy} our Ajsnoouwynosed so (¢ ‘4 ‘gq sXeyuout) AjsnousaeizUt JoyzI0 UEAIZ USEG pey Sule401d 
UIMIOS POT]oGe] 10478 SouITZ SNOLIBA 48 JONbT] oY} UI pu’ UNIS [8}00} puB [eUIOZeUT UI UT_NGoO{Z-A pu UrUING]e Jo sorytATjOR OYTOeds OYT, “E ATAV], 








TRANSMISSION OF SERUM PROTEINS 275 


possible rate of catabolism and/or loss of albumin from the liquor in 
calculating this estimate. 

The interpretation of the figures for the specific activities in Table 3 may 
be misleading, since they depend upon individual protein pool sizes as well 
as upon rates of diffusion. The table does, however, serve to show the high 
\ specific activity of albumin in the liquor as early as 8 hr and that by 21 hr 
it was only some 5-10 times lower than that in the maternal serum. Yet at 
the same time the concentration of albumin (in counts per millilitre) was 
nearly the same in the foetal serum as in the liquor. 





) TaBLE 4. Ratio of maximum specific activities of albumin to y-globulin m 
maternal serum, foetal serum and liquor 


Specific activity of albumin Monkey D Monkey G@ Monkey J G+J 


Specific activity of y-globulin (8 hr) (24 hr) ‘24 hr) 2 
Foetal serum 0-6 w'45 0-31 0-38 
Liquor 24-2 ll 11-5 ll 
Maternal serum 8-1 6 4-3 5-2 


The ‘specific activity’ was obtained by dividing the highest counts/ml. of the albumin 
elution fraction (separated by electrophoresis) and the y-globulin (isolated by chromato- 
graphy), by its optical density at 280 my. For details, see text. 





TaBLE 5. General summary of findings at 24 hr 


Maternal Foetal 
serum Liquor serum 
. counts/ml. as albumin 
R pectin acatticee tend * . 
—_ counts/ml. as globulin os . "- 
Counts/ml. as albumin 100 1 0-5 
Counts/ml. as globulins 40 0-2 1 
Specific activity of albumin 100 15 0-3 
Specific activity of y-globulin 20 1-5 1 


131]-labelled maternal serum given I.v. to pregnant Rhesus monkeys B, C, G and J. 
Figures of 100% have been given to the counts/ml. as albumin and to the specific activity 
of albumin. The counts in the globulins in the foetal serum are largely due to y-globulin, 
whereas in the liquor they are due to other globulins as well. 


Table 4 compares the ratio of the maximum specific activities of albumin 
and y-globulin in maternal and foetal serum and liquor while Table 5 
summarizes the general quantitative findings numerically in monkeys B, 
C, G, J at 24 hr after intravenous injection to the mother. 


~~ 


Experiments on absorption of serum proteins from liquor amnii 


| Qualitative. Figure 4a shows the general pattern of distribution of radio- 

activity of the dose !°]-labelled serum which was injected into the amniotic 

cavity of monkey F. The liquor taken at operation 24 hr later is shown in 

Fig. 4b; no significant change in the pattern of radioactivity has taken 

) place, and its relation to the proteins of the liquor is clear. Maternal serum 

(Fig. 4c) taken at this time showed a small amount of radioactivity in the 
18-2 
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albumin, but insignificant quantities among the globulins. The foetal serum 
(Fig. 4d) after treatment with Deacidite shows three apparent radioactive 
peaks, all of which are small. The results of the analysis of these samples by 
chromatography are seen in Fig. 5. This particular serum contained an 
unusually large quantity of the second main protein component to be 
eluted from the column under these conditions (Fig. 5a) which appeared to 
possess a much higher specific activity than the first component. Samples 
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Fig. 4. Cellulose column electrophoresis as in Fig. 1. - protein measurements 


at 280 my;..... counts/min above background. Rhesus F’, approximately 1-5 me 
of 1*!I-labelled maternal serum proteins injected directly into the amniotic cavity. 
The total amount of radioactivity injected into the liquor was the same as was 
injected 1.v. into monkeys C, D, G, J. The specific activities of the albumin and 
y globulin were 100 and 500 times greater, respectively, in F, than the specific 
activities of these proteins found in the liquor in monkeys C, D, G, J. 


Index mark 
(counts/min) 


a, Maternal serum, 1 ml. 50,000 


b, Liquor, 24 hr, 1 ml. 500,000 
c, Maternal serum, 24 hr, 1 ml. 200 
d, Foetal serum, 24 hr, 1 ml. 200 
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of liquor taken at 5 min, 6 hr and 24 hr showed a rapid decrease in this 
second radioactive component, whether chromatographed in the presence 
of carrier serum (Fig. 55 and c) or by itself (Fig. 5d and e). Treatment of 
the amniotic fluid proteins of the 24 hr sample with Deacidite did not appear 
to alter significantly the amount of radioactivity on the first main protein 
component (Fig. 5e), although radioautography of a paper chromatograph 
of the liquor at this time revealed free radioactive iodide, mono- and di- 
iodotyrosine and iodophenols. 
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protein measurements at 280 my. 





Fig. 5. DEAE cellulose as in Fig. 2. 
er counts/min above background. Rhesus F; approximately 1-5 me of ™ I. 
labelled maternal serum proteins injected directly into the amniotic cavity. 


Index mark 
(counts/min) 


a, Maternal serum, 1 ml. dose (diluted) 4,000 

6, Liquor, diluted with carrier serum, 5 min, 4,000 
1 ml. 

c, as b, at 6 hr, 1 ml. 4,000 

d, Liquor 24 hr, 1 ml. 40,000 

e, Liquor 24 hr; after treatment with 40,000 
Deacidite F.F. 

Jf, Maternal serum, 24 hr, 1 ml. 100 

g, Foetal serum, 24 hr, 1 ml. 100 
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The maternal serum (Fig. 5f) showed a little radioactivity in the first 
protein component and a trace in the second. The foetal serum showed a 
trace in the first component (Fig. 59). 

The findings on column electrophoresis of samples from monkey £. 
a green monkey approximately at term, were essentially the same. 

Quantitative. The dose given to these two monkeys had the same amount 
of radioactivity as that used in the transplacental experiments. All of 
this activity was injected into the amniotic cavity. Table 3 shows that the 


2:0 r s 


l 
Counts/min 














mi. 


Fig. 6. Green monkey £; 1-5 mc of ™"I-labelled maternal serum proteins injected 
directly into amniotic cavity. The contents of the ileum of the foetus were mixed 
with carrier maternal serum, and a sample, after centrifugation, subjected to 
column electrophoresis. The similarity of the pattern of radioactivity to that in 
the dose serum indicates that some, at least, of the labelled proteins are present. 
—— protein measurement at 280 my; ..... counts/min above background. 


specific activity of the albumin was some 100 times greater and the 
y-globulin some 500 times greater than that which occurred in the liquor in 
the transplacental experiments. Despite this, radioactivity was found in 
the foetal albumin and y-globulin in quantities which were quite insignifi- 
cant compared with those found in the transplacental experiments. 
Slightly more radioactivity appeared in the maternal serum proteins. 
Since these had been diluted by the maternal circulating plasma, and to 
some extent by the extravascular pool, the total amount was significantly 
larger than that in foetal serum, but it was a small proportion of the dose 
within the amniotic cavity. A certain amount of this may have leaked out 
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through the tissue traumatized by amniotomy, and been absorbed into 
the maternal circulation. 

To confirm that the foetus had indeed swallowed the liquor, a sample of 
its ileal contents diluted with carrier serum was examined, and showed a 
distribution of radioactivity among the proteins after electrophoresis 
roughly similar to that of the dose (Fig. 6). 


DISCUSSION 
Limitations of methods 


The interpretation of these experiments depends upon the biological 
normality of the 11I-labelled proteins. There is now reasonable evidence 
that proteins iodinated with an average of 1 atom per molecule behave 
metabolically with close similarity to proteins labelled with “C amino 
acids, at any rate in rabbits (Cohen, Holloway, Matthews & McFarlane, 
1955). The assumption is made that the selecting mechanism of the 
placenta is unable to distinguish between a protein molecule so labelled 
and one that is not. If labelled molecules passed through the placenta then 
it is likely that similar but unlabelled ones would do so. Sera used for the 
dose in monkeys F, G and J were labelled with I after oxidation of 
sulphydryl groups with iodine; there appeared to be no consistent gross 
difference in experimental results between experiments performed on these 
monkeys and those performed in the others. 

When whole serum is subjected to the radioactive labelling and to the 
subsequent methods of handling and analysis it is likely that some proteins 
undergo denaturation more easily than others. Quantitative recovery of 
protein from electrophoretic or resin columns is most unusual and selective 
retention of particular proteins is likely to a greater or less extent. In 
order to control this variable, samples of serum and amniotic fluid were in 
many instances examined both with and without treatment on Deacidite 
resin columns and dialysis, before separation by column electrophoresis 
and chromatography. No attempt was made to preserve or to eliminate 
the lipo-proteins from either the dose or the samples and it is assumed that 
they underwent progressive denaturation with the handling of the samples. 

By the methods used and in view of the small percentage of the dose of 
labelled proteins which was found in the foetal fluids, it was impossible to 
be sure whether they represented some of a protein which was present in 
serum in large amounts (e.g. albumin or y-globulin) or whether they were 
large proportions of a protein which was present in much smaller concen- 
tration. To some extent the former was confirmed for the albumin by the 
fact that the electrophoretic peak was sharp and well defined and that 
radioactivity was found in the albumin on starch gel electrophoresis; 
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likewise radioactivity in the y-globulin fractions behaved as y-globulin on 
chromatography and on starch gel electrophoresis. 

All monkeys were given carrier iodide in their drinking water before and 
throughout the experiment. Despite this, high proportions (5-30°%) of 
radioactivity which was not precipitable with 10°% TCA were found in 
foetal fluids. Whatever the physiological mechanism responsible may be, 
there is under these circumstances the possibility that radioactive iodide, 
diluted many’ mes by the carrier iodide and iodoamino acids, may have 
been adsorbed vu to the proteins (Block, Mandl & Keller, 1958). We have 
found that "I iodide is adsorbed on to Rhesus monkey albumin in vivo 
and in vitro. Carrier-free }*1I (100 yc) in saline was injected intravenously 
into two monkeys, one normal and one which had had carrier iodide in its 
drinking water for 1 week. Serum samples taken 5 min later and subjected 
to column electrophoresis showed radioactivity on the albumin. In serum 
from the normal monkey 17 %, and in serum from the monkey on carrier 
iodide 2-4°, of the counts per millilitre of serum were in the albumin 
fraction. Serum taken 10 min after the dose showed very slightly lower 
total counts per millilitre, and 3 and 2°, were associated with the albumin. 
When carrier-free }*1I was added in vitro to sera from these two monkeys, 
the figures were both 0-05°%. Whether true adsorption or iodination 
occurred or whether there was competitive adsorption between the albumin 
and the treated cellulose of the electrophoresis column was not explained 
by these data. Precipitation of the sera with TCA yielded lower percent- 
ages (about a tenth) of radioactivity associated with protein. This fact 
and the finding that the activity in the protein could be reduced by about 
85 % by either prolonged and vigorous dialysis against repeated changes 
of 1° sodium iodide in physiological saline, or by passage of the serum 
through a column of Deacidite, suggest that the bond is a loose one. These 
experiments were not designed to determine how the association of the 
injected 1 iodide with albumin took place, nor the nature of the bond 
between them; they were performed to demonstrate that iodide in blood 
in vivo and in serum in vitro may be associated with albumin under the 
conditions of electrophoresis in which the experimental sera were run. 

Treatment of the maternal and foetal sera and amniotic fluids on Deaci- 
dite columns and/or extensive dialysis against carrier iodide (and in one 
instance carrier mono-iodotyrosine) did in some samples reduce the radio- 
activity on the albumin peak, but only by smali amounts (up to 10%). 
The possibility remains, however, that a slow continuous liberation of 
iodide and iodoamino acids from the labelled proteins undergoing cata- 
bolism, in intimate (sometimes probably intracellular) association with 
serum proteins, may have resulted in a small amount of radioactivity 
adsorbed upon albumin in these sera. 
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The number of monkeys was small but the results appeared to be 
consistent. Monkeys E and G were within about 1 week of term, while the 
others were within an estimated period of 3-5 weeks of term. During the 
last month of pregnancy the composition of the proteins in the liquor 
amnii in the monkey changed markedly. At about 5 months the liquor 
had a total protein concentration of about one tenth of that of adult 
monkey serum. At this time the major protein constituent moved electro- 
phoretically in the «,-globulin region on the treated cellulose columns used. 
This protein had other characteristics which were quite different from those 
of «-globulins and has not yet been shown to occur in serum (D. R. 
Bangham, K. R. Hobbs & D. E. H. Tee, unpublished observations). 
A paper summarizing some of its properties is in preparation. 

Samples of amniotic fluid were taken percutaneously, at 21 hr, in monkeys 
G and J. Although they were taken with great care, through a fine 
(No. 23) needle, it is possible and appears probable that some maternal 
serum leaked through the traumatized tissue of the needle track. This 
might have accounted for some of the rise in labelled albumin in the 
samples of fluid taken 3 hr later (particularly monkey J, Table 1). 


RESULTS 


The experiments demonstrate two main points. First, they show a 
direct and selective transmission of maternal albumin and y-globulins to 
the foetus, and in different proportion to the liquor amnii. Secondly, they 
show that the amniotic fluid plays a relatively insignificant role in the 
transmission of maternal serum proteins to the foetal circulation. 

The quantitative observations in the transplacental experiments relate 
only to three individual animals at 8 and 24 hr, whereas the movement of 
proteins at different rates in and out of pools of different sizes represents 
a complex dynamic system. No data are available on the extravascular 
diffusion rate, metabolism or pool size of any proteins in the foetus 
in utero. The pool sizes would not change more than a few per cent during 
24 hr. In some preliminary experiments we have found no great difference 
in the rate of catabolism of albumin in rhesus monkeys 4 weeks old 
compared with ones 6 months or 18 months old. The relative rates of 
diffusion of individual proteins through capillaries in normal animals have 
not been worked out. Although one may well expect each to be different, 
it is thought that the ‘equilibrium state’ will not be much different from 
that found at 24 hr. Nevertheless, a full picture will be obtained only by 
serial sampling over a period of several hours, in order to obtain a know- 
iedge of metabolism, pool size and diffusion rates. 

Transmission of proteins to the foetus. That maternal albumin is trans- 
mitted to the foetus in man has been predicted (Josephson & Gyllenswird, 
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1957) on the basis of studies on changes in serum protein fraction concen- 
trations in infants and children. Transmission of heterologous albumin has 
been shown by immunological methods in rabbit foetuses (Schechtman & 
Abraham, 1958), and homologous and heterologous !*"I-labelled albumin 
in rabbit and rat (D. R. Bangham & K. R. Hobbs, unpublished obser- 
vations), and in guinea-pig foetuses (Dancis & Shafran, 1958). The evidence 
for the antenatal transmission of antibodies and y-globulin in primates is 
considerable. Paper electrophoretic studies on serum from human foetuses 
from 4 to 9 months old revealed a sharp rise in the y-globulin concentration 
during the last trimester (Ewerbeck & Levens, 1950). In normal infants 
the y-globulin and antibody present at birth decreases exponentially for 
the first 3 months of life. A normal infant born to a mother with acquired 
agammaglobulinaemia (below 11 mg y-globulin/100 ml. by ‘immunochemical 
measurement’) showed no y-globulin in its serum until 3 months of age 
(Bridges, Condie, Zak & Good, 1959). The demonstration of the trans- 
mission of labelled y-globulin to the foetus in monkeys is therefore largely 
confirmatory, with a different technique. The experiments do, however, 
illustrate the degree of selection which occurs in the placenta. The trans- 
mission of the y-globulin appears so specific that it is tempting to postulate 
that the small amount of radioactivity present in the «- and £-globulin 
regions in the foetal serum represents the proteins of those antibodies 
known to move electrophoretically in this region. Rough estimations 
suggested that the total amount of radioactivity eluted from the DEAE 
columns accounted for about 90% of the ‘total globulin’ count obtained 
from the electrophoresis columns. The same postulate might be made for 
the similar highly specific selection of labelled y-globulin together with a 
small amount of labelled protein in the £-globulin region (which, however, 
did not correlate closely with the 8-globulin peak itself) which was found 
in the gut of the suckling 7-day-old rat (Bangham & Terry, 1957). The 
method of column electrophoresis used in the transplacental experiments 
did not enable a more precise study of other individual proteins to be 
made; a few observations using starch gel electrophoresis have confirmed 
the general findings described. 

In view of the strictly qualitative transmission of antibodies and 
y-globulin it seems that the mechanism is an active one. In women 
suffering from toxaemia of pregnancy the concentration of «-globulin is 
higher, and that of albumin lower, in their sera than in normal persons; 
nevertheless, the new-born infant contains the same serum protein compo- 
sition and concentrations as normal new-born infants (Lagercrantz, 1945). 
The mean y-globulin concentrations of a group of African, European and 
American mothers were 1-42, 0-94 and 0-72 g/100 ml., whereas the concen- 
trations in their new-born infants were remarkably constant, 1-03, 1-1 
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and 0-97, respectively (Stanier & Thompson, 1954). This situation may be 
compared with Halliday’s finding (1957) that a suckling rat could absorb 
into its blood stream only a finite amount of antibody introduced into its 
gut. On the other hand it is possible that the increased y-globulin in the 
group of African mothers was due to a high proportion of complete anti- 
bodies and/or those with a high (19S) sedimentation constant which 
appeared not to be transmitted to the foetus. Franklin & Kunkel (1958) 
have found that cord blood of normal infants contains concentrations of 
19S y-globulin much lower than in maternal blood; some 19S protein 
could be demonstrated by quantitative precipitin analyses, but not by 
ultracentrifugal analysis. 

Transmission of proteins to the liquor amnii. The disputed origin of 
proteins in human amniotic fluid has been discussed in a recent review 
(Jeffeoate & Scott, 1959). In early pregnancy the liquor is similar to 
plasma in composition. In later pregnancy its protein composition differs 
from that of plasma. It has been suggested that some part at least is a 
product of selective secretion by the amnion, but there has been no direct 
experimental evidence available. 

The results of the first (transplacental) group of experiments indicated 
that labelled maternal albumin passed readily into the liquor. At 8 hr the 
liquor contained about four times, and at 24 hr about twice as much per 
unit volume as foetal blood. It is possible that the albumin passed into 
both fluids with nearly equal facility and the lower concentration in the 
foetal blood was due to its diffusion into the extravascular albumin pool of 
the foetus. The total volume of the liquor was from 80 to 120 ml. and the 
total amount of radioactive albumin entering it was then some 5-10 times 
that entering the foetus. Assuming there was no loss or break-down, it 
was calculated that about 0-5 g of albumin passed into the liquor in 24 hr. 
The fate of albumin in the liquor is uncertain, but it is present in low 
absolute concentration. The experiments in which labelled serum was 
injected into the liquor suggested that it was able to return to the maternal 
circulation. Owing to the dilution by the maternal serum protein pool the 
amounts found experimentally were small, and because of the likelihood 
of a leak from the liquor it was considered impracticable to obtain a 
balance sheet for albumin entering and leaving. The proteins in the liquor 
may also be actively catabolized after swallowing by the foetal gut, by the 
foetal membranes or by enzymes within the liquor itself. Chromatography 
of samples of liquor from monkeys D and F showed the presence of radio- 
active iodoamino acids as well as iodide. Similar radioactive metabolites 
were found in the maternal urine, but the foetal urine contained a small 
amount of radioactive iodide only. No labelled or unlabelled protein was 
found in the foetal urine. While a measure of the rate of catabolism and 
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loss from the liquor was not obtained in these experiments, there was 
evidently a rapid turnover of albumin. The significance of this for the 
foetus may represent a carrier mechanism in, and perhaps out, of the 
liquor for small metabolically important molecules known to be carried 
on albumin. 

The globulins on the other hand did not enter the liquor so readily; the 
total albumin:globulin count ratio was above that found in maternal 
serum and quite unlike the pattern found in foetal serum in the trans- 
placental experiments (Table 4). It was even more difficult to obtain a 
reliable quantitative estimate for the globulins passing from the liquor to 
the maternal circulation. Since particular types of maternal antibody have 
been described in fairly high concentration in liquor (e.g. in Rh incompati- 
bility) it may be that, as with the transmission to the foetus, a large pro- 
portion of a particular (but different) small group of antibodies is trans- 
mitted to the liquor while most other types are not. 

The route of transmission to the foetus. The experiments indicate that both 
the albumin and the globulin reach the foetus via the placenta. The 
strongest evidence that this also occurs for antibodies in human beings is 
that reported by Wasz-Héckert, Wager, Hantala & Widholm (1956). They 
observed that the maternal-to-foetal ratio of the titre of diphtheria anti- 
toxin in infants born with oesophageal, oesophago-tracheal, and anal 
atresia was the same as in normal infants. The antitoxin could therefore 
not have been absorbed by the gut from swallowed liquor. 

In the normal non-pregnant animal serum proteins occur in other body 
fluids nearly always in the same relative, but often different absolute, 
concentrations. There are some exceptions. Joint fluid, urine, cerebro- 
spinal fluid aqueous humour, and the secretions of several glands (saliva, 
pancreatic juice, seminal fluid) have been described as containing proteins 
different in relative concentrations and in other minor ways from those in 
plasma. In all these cases the quantitative discrimination is relatively 
small. The pregnant and suckling mammals show instances of preferential 
or selective transmission of one or more proteins, to a greater or less extent, 
where considerable quantities of proteins may be transmitted. The 
mammary gland of many species has been shown to select plasma y- 
globulin (Askonas, Campbell, Humphrey & Work, 1954) and a small 
amount of plasma albumin. The selecting epithelium is ectodermal. The 
entodermal lining of the suckling rat selectively transmits y-globulin but 
negligible quantities of other serum proteins (Bangham & Terry, 1957) 
and homologous antibodies in preference to heterologous ones (Batty et al. 
1954). Much research has shown that in rats, guinea-pigs and rabbits 
transmission to the foetus occurs via the entodermal lining of the foetal 
gut and yolk-sac lining (Brambell, Hemmings & Henderson, 1951). The 
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absorption of antibodies from the gut in the new-born calf, a situation 
where non-selective absorption occurs (Bangham, Ingram, Roy, Shillam & 
Terry, 1958), has been shown to take place via the lymphatics of the gut 
(Comline, Roberts & Titchen, 1951). Whether it occurs via the lymphatics 
of the gut in the rat and rabbit foetus is not yet clear. There is evidence to 
suggest that the return of extravascular plasma proteins to the venous 
system occurs in most tissues in the normal animal almost exclusively via 
the lymphatics (Jepson, Simeone & Dobyns, 1953; Taylor, Kinmouth, 
Rollinson, Rotblat & Francis, 1957). There are few tissues devoid of 
lymphatics ; these include the central nervous system, bone, striped muscle 
and the placentae of primates. The rhesus (and presumably also the 
human) foetal placenta is therefore unusual in two respects. The syncytial 
trophoblast is a non-entodermal membrane which selectively transmits 
proteins, and the proteins are transferred thereafter directly into the 
foetal capillaries. 

The route of transmission to the liquor amnii. It is probable that the 
serum proteins entering the liquor do so through the surrounding chorion 
and amnion. It is unlikely that a significant quantity enters by way of the 
foetal respiratory or alimentary tract, because of the completely different 
specific activities and electrophoretic pattern of the labelled proteins 
which were found in liquor and foetal serum. No labelled protein was 
found in foetal urine. Apart from the relatively high concentration of the 
particular liquor protein which occurs in mid to late pregnancy in the 
rhesus monkey, human and rhesus liquor contain concentration of a 
tryptophan-rich ‘pre-albumin’ (paper electrophoresis, veronal pH 8-6, 
p = 0-5) higher than that occurring in the blood. It seems, therefore, that, 
as in most dynamic systems, each individual protein has its own specific 
rate of entry into, and either break-down or exit from, the liquor. Likewise 
it is possible that each of these proteins has its own site (chorion, amnion, 
basal plate of placenta) of entry and exit, and in some cases synthesis. 

Histological study of at least three membranes which are the sites of 
proven selective absorption of protein shows several marked similarities. 
Clark’s studies (1959) with the electron microscope have shown with great 
clarity the fine structure of the entoderm of the gut of the suckling rat. 
The luminal surface of these cells is covered with microvilli; between the 
bases of the microvilli vacuoles extend into the cytoplasm of the cell. 
After feeding a protein antigen and taking specimens at different periods 
of time subsequently, he demonstrated by staining with fluorescent- 
labelled specific antibody that the protein was taken into the vacuoles 
between the microvilli by a process of pinocytosis. The many small 
vacuoles then coalesced as they traversed the cell to the base. The syncytial 
trophoblast separating the maternal blood from the foetal capillaries in 
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the rhesus placenta (Wislocki & Bennett, 1943) and human placenta 
(Wislocki & Dempsey, 1955) show similar microvilli on the surface exposed 
to maternal blood, and successively larger vacuoles towards the base of 
the syncytium. The human amnion, which has been studied by Bourne 
(1959), shows similar microvilli, but they occur on both the maternal and 
foetal surfaces, indicating perhaps the possible two-way transmission 
which some results of these experiments suggest. The cytoplasm in these 
cells in these three situations also contains many mitochondria, fat drop- 
lets and Golgi apparatus ; histochemically they have been shown to contain 
a number of enzymes in high concentration. In general they have the 
appearance of being highly active. 

The experiments in monkeys do not indicate whether it is the amnion or 
the chorion which is responsible for selective transmission to the liquor, 
nor whether it is that part of them which covers the surface of the placenta 
or that part which lines the decidua capsularis of the uterus. By analogy 
on a histological basis with other selecting membranes it is likely to be the 
amnion. If this is so, the amnion is another example of a non-entodermal 
membrane with this property. Furthermore, it transmits a spectrum of 
proteins entirely different from that transmitted by the primate placenta 
and rat entoderm. The amnion is also unusual in that it has no blood supply 
of its own and its cells depend on the viability of the foetus. 

The foetal amnion, chorion (which has a maternal blood supply) and 
syncytial trophoblast of the placenta are unique in that they are the 
immunological and anatomical boundary between the genetically different 
maternal and foetal tissues, and yet allow certain maternal whole proteins 
to pass through them. Whether the placenta also allows a two-way trans- 
mission of foetal whole proteins to pass to the maternal circulation has yet 


to be demonstrated. 
SUMMARY 


1. 13![-labelled maternal serum proteins were injected intravenously 
into pregnant rhesus monkeys. The proteins in samples of maternal and 
foetal serum, and liquor amnii, taken 8 and 24 hr afterwards were frac- 
tionated by column electrophoresis and by chromatography on diethyl- 


aminoethyl] cellulose. 

2. The foetal serum contained labelled y,- and y-globulin and a small 
amount of labelled albumin. The labelled albumin was transmitted some 
10-20 times less easily than y-globulin. Since y-globulin isolated chromato- 
graphically accounted for some 90% of the total radioactivity in the 
globulins, little if any of the other ‘globulins’ was transmitted. 

3. The liquor contained about twice as much labelled albumin per unit 
volume as did the foetal serum. The absolute concentration of albumin in 


the liquor was low, and the specific activity was therefore some 40 times 
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that in the foetal serum. Small amounts of labelled globulins were found 
in the liquor and there was no preferential transmission of y-globulin 
comparable with that found in foetal serum. 

4. In order to determine whether proteins were absorbed from the 
liquor by the foetal gut, 1*4I-labelled maternal serum proteins, with specific 
activities some 100-500 times higher than those occurring in the liquor in 
the previous experiments, were injected into the liquor of two pregnant 
monkeys. Twenty-four hours later extremely small quantities of labelled 
proteins were found in the foetal serum, and small but appreciable quan- 
tities of labelled albumin were found in the maternal serum. The fate 
of proteins in the liquor was not otherwise investigated, but there is 
apparently a high rate of turnover of albumin. 

5. It was therefore concluded that the route of albumin and y-globulins 
to the foetus is transplacental. The liquor plays an unimportant part, if 
any, in the transmission of these proteins to the foetus. 

6. The histological features of the amnion and syncytial trophoblast of 
the placenta of the foetal monkey are closely similar to those of the ento- 
dermal lining of the yolk sac of the rabbit foetus and the entoderm of the 
suckling rat, sites at which selective transmission of proteins occurs. It 
appears probable that these two non-entodermal membranes of the foetal 
rhesus monkey are the sites responsibie for the two instances of selective 
transmission observed in these experiments. 

I am greatly indebted to Dr A. S. McFarlane and Mr R. C. Holloway for assistance in 
preparing the labelled serum; to Dr K. Sykes, Dr P. Frost and Dr D. E. H. Tee for help with 
anaesthesia; to Mr D. Short and Dr F. Hawking for assistance in obtaining the monkeys; 


and to Dr R. J. Terry with whom this work was started. It is a great pleasure to thank 
Mr K. R. Hobbs for his unfailing assistance throughout these experiments. 
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An aim of physiological research is to establish quantitative relations 
between physiological ‘responses’ and the amount of ‘stimulus’ that 
elicited them, as in terms of the concentration of a drug administered. 
The experimental results are most concisely and completely described, in 
many cases, by an equation. This may be purely empirical. When the 
results are examined, it may be that a logarithmic relation or a rectangular 
hyperbola gives a reasonable fit over the range of the variables used in the 
experiments. Such an empirical equation is useful over that range, for 
prediction of the magnitude of response from the intensity of stimulus. 
A familiar example is the pharmacologists’ relation, found to hold over a 
very limited range, between logarithm of ‘dose’, and ‘response’ (Gaddum, 
1953). The usefulness of such empirical equations is limited, and we can- 
not hope to interpret their mathematical form in terms of basic mechanisms 
of the response, unless that particular mathematical form is the result of 
some basic hypothesis, and of analysis of behaviour of a ‘model’ operating 
on this hypothesis. Since there are usually many different forms of 
mathematical relation that might fit the data equally well over the range, 
it becomes important to choose, from among these, one which might be 
consistent with some such hypothesis and model. 

For this process to be useful, the particular response measured should 
obviously be ‘primary’ to the hypothesis and to its application to model 
behaviour. 

An example may make this clear. Where vasomotor effects of pressor 
drugs are concerned, the ‘primary response’ might be considered to be the 
tension developed by the smooth muscle of the vessel wall when a given 
concentration of drug is presented to the ‘receptor substance’ of that 
muscle. The tension could be related to the concentration of the drug by 
an equation based on some plausible theory, e.g. of reversible formation of 
an activated complex between drug and receptor substance. The index of 
response measured, however, would usually be the change in resistance to 
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flow of a vascular bed, when a given concentration of the drug was present 
in the perfusate. There are three ways in which such data have been 
obtained. (a) by using perfusion at constant pressure, of an isolated 
vascular bed, and measurement of the decrease in flow when the perfusate 
contains a pressor substance in a known concentration; (6) by using one 
of the constant-flow pumps now available, again with an isolated pre- 
paration, and measuring the increase in ‘driving pressure’, from artery to 
vein, when the pressor agent is present; or (c) in the ‘intact’ circulation of 
an animal, where neither driving pressure nor flow are constant when the 
pressor agent is given. 

The results of all three methods can be expressed in common terms as 
the change in resistance to flow (i.e. in the ratio of driving pressure to flow). 
As demonstrated in this paper, however, the relations between the response, 
in terms of change of resistance, and concentration of the drug, e.g. 
adrenaline, found by these three methods of experiment, will be com- 
pletely different. 

Figure 1, which anticipates results obtained by the methods described 
later in the paper, illustrates this difficulty. The data were obtained by 
measuring the increase in resistance to flow in the vascular bed of an 
isolated rabbit’s ear at constant flow, repeated at several different values 
of that flow. Figure 1A shows flow—pressure curves for given concentra- 
tions of the drug. These curves closely resemble previous results obtained 
in this laboratory by a variety of methods (Nichol, Girling, Jerrard, 
Claxton & Burton, 1951; Girling, 1952). This graph contains all the data, 
from which we can deduce also the change of resistance that would have 
been measured if constant-pressure determinations had been used, instead 
of constant flow. Figure 1B shows, from the same data, the change in 
resistance versus concentration of drug plotted for constant pressure of 
perfusion, Fig. 1C for constant flow. Three different levels of flow and of 
pressure were chosen to derive these curves from Fig. 1 A (e.g. broken lines 
on Fig. 1A). It is seen that the shapes of the resistance—concentration 
curves are quite different according to the method used to analyse the 
data. Indeed, Fig. 1B suggests that the response to adrenaline increases 
more and more as the concentration is increased, while Fig. 1C might 
suggest, for higher rates of flow, that the response was proportional to 
concentration. Actually, as verified in subsequent work with higher con- 
centrations, the response eventually reaches a ‘saturation’ value. 

Obviously we could not base the verification of any kinetic theory of 
action of the drug on the results of either method of experimentation, 
without proving which, if either, of the methods, i.e. constant-pressure or 
constant-flow perfusion, was related directly to the tension of the muscle. 
The factor that makes the curves of Figs. 1B and 10 so different is, of 
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course, the distensibility of the blood vessels. When constant-pressure 
perfusion is used, the increasing tension with higher concentrations of drug 
eventually causes ‘critical closure’ of the vessels (Burton, 1951). With 
constant flow, closure can never occur, since when increasing concentra- 
tions of the drug increase the tension the perfusion pressure and thus the 
‘transmural pressure’ of the vessels also increases. This distends the vessels 
passively, and partially offsets the constrictive effect of the increase in 
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Fig. 1. A. Flow-pressure curves for an isolated rabbit ear, perfused with different 
concentrations of adrenaline. A series of values of constant flow was used. 

B. Resistance to flow versus concentration of adrenaline, derived from A, at three 
different values of constant driving pressure. 

C. The same for three different values of constant flow. 
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tension. This consideration suggested a possible method of measuring the 


‘active tension’ of the muscle directly, in which the passive distension 
would be made to compensate completely for the active constriction. 


Theory of a method of measuring tension of the vascular smooth muscle 

To simplify the discussion we have replaced the vascular bed of the ear 
by a single equivalent vessel which would give the actual total resistance 
to flow (Fig. 2). The total tension in the wall (7'), must be related to the 
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Fig. 2. To illustrate the theory of the ‘null method’ for measuring active 
tension in the vessel wall. 


‘transmural pressure’ (P;,,), which is the intravascular pressure P,, 
minus the tissue pressure P7,, by the law of Laplace (ca. 1806), 7’ = Phy xr, 
where r is the radius of the equivalent vessel (Burton, 1951). The total 
tension 7' can be considered as the sum of two tensions: the ‘elastic tension’, 
T,, which depends on the degree of stretch of the wall, plus the ‘active 
tension’, 7',, due to contraction of the smooth muscle. 

By our definition, ‘active tension’ is independent of the degree of stretch 
of the wall. Vascular smooth muscle, the contraction of which supplies 
the ‘active tension’, also possesses ‘elasticity’, i.e. change of tension with 
stretch, but its contribution in this respect can be included under the 
‘elastic tension’, most of which is probably due to the other elements of the 
wall (Burton, 1954). Thus the division into ‘active’ and ‘elastic’ tensions 
is ‘functional’ and convenient, and not on an anatomical basis, nor does it 
involve any approximation. Without the presence of the vasoactive drug, 
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7’, may be considered to be zero, as in Fig. 2A (the result does not depend 
on this assumption). 

When the drug is present in a given concentration, the active tension 
increases, and the vessel contracts, as in Fig. 2B. The total tension has 
increased. | However, the increase in active tension 7', has been partially 
offset by a decrease in the elastic tension, 7, due to the reduction in 
stretch of the wall. Thus the change in total tension cannot be used as an 
index of the primary response, i.e. of the active tension, unless the details 
of the concomitant decrease in the elastic tension are known. This would 
involve knowing the details of the distensibility curves of the resistance 
vessels. 

However, if the vessel can be made to return to its original radius in the 
presence of the pressor drug, then the elastic tension will also return to its 
original value (Fig. 2C). It is possible that this assumption may not be 
correct, for there is evidence that the contraction of the smooth muscle 
may ‘tighten up’ the elastic fibres of the wall (see Appendix) so that even 
though the radius is the same as before, the elastic tension may be greater. 
Making this assumption is the best that can be done. The increase in total 
tension will now equal the change in active tension induced by the drug, 
ie. AT = AT,. Since the radius of the vessel depends on the transmural 
pressure, P;,,,, which is the difference between intravascular and tissue 
pressure (P,, = P—P,y), the vessel may be distended to its original size 
by decreasing the tissue pressure, i.e. by lowering the pressure in a box in 
which the rabbit’s ear is placed (Fig. 3). If a ‘negative pressure’ sufficient 
to reduce the driving pressure to its original pressure be found, and the 
flow is constant, the resistance to flow must be once more at its original 
value. Since the resistance to flow depends on the radius of the vessel, 
this must also be at its original value, as was desired (except for the 


reservation below). 


The law of Laplace is 
- = Pru xr. 


If r has been kept constant by the procedure above, then 
AT, = AT = APzy, xr, 
and since the intravascular pressure will be the same as before 
APrpy = —AP;z. 
Thus, in this ‘null method’, 
AT, = —r(AP;). 


Since the parameter r in this null method is a constant, the negative tissue 
pressure required to reach the null point will therefore be a measure of the 
active tension produced by the drug in the vascular smooth muscle. 
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This analysis is, of course, based on a ‘lumped parameter’, the ‘single 
equivalent vessel’, and in the real situation several categories of vessel 
contribute to the total resistance to flow. Since distensibilities of different 
categories of vessel are not the same, the final situation when negative 
tissue pressure is applied might give the same total resistance, yet the 
arterioles might not be exactly at their original radii, because other vessels 
contributing to the resistance were now distended. This statistical con- 
sideration is a valid criticism of the method, but the method is the best that 
can be devised. The error is unlikely to be great, since there is abundant 
evidence, from calculations based on the sizes of vessels, and from the 
pressure gradients down the line of resistances in vascular beds, that one 
category of vessels, the arterioles, contributes by far the greatest part of 
the total resistance (probably at least 70°), especially when there is 
vasomotor tone. 

The null method, which employs negative tissue pressure, is not very 
convenient, and cannot be used for long periods of time, e.g. to establish 
a large number of tension—concentration relations, because oedema of the 
ear occurs quite rapidly as a result of the increased capillary transmural 
pressures. However, this method provides a means of testing measures more 
easily available, such as the increase of resistance produced by the drug 
when either constant-pressure or constant-flow perfusion is used, as to 
their relation to the active tension. Fortunately it turns out that the rise 
of resistance, at constant flow, is an excellent measure of active tension. 


METHODS 


Rabbits, weighing 1-8-3 kg, were anaesthetized with urethane (7-5 ml./kg of a 20% 
solution, intraperitoneally). Heparin (2 mg) was injected intravenously. The central and 
the major peripheral veins of the ear were first cannulated with polyethylene tubes and 
then the central artery near the root of the ear. The blood was forced out of the ear by a 
syringe, and the ear was then cut off. In the ‘null method’ it was essential that venous out- 
flow, other than through the cannulae, should be occluded, since otherwise the effective 
venous pressure might be indeterminate. A paraffin-wax plug was poured into the auricular 
cavity at the root of the ear, and a tight ligature was tied over the skin, holding it against 
this plug. A coat of collodion was also applied to seal off any seepage of blood. In spite of 
these precautions, leaking sometimes occurred when high concentrations of adrenaline were 
used, necessitating very high values of the negative pressure to reach the null point. Leakage 
was easily detected, and where it occurred the data were rejected. 

All the plastic tubes of the cannulae, arterial and venous, were led through a giass tube 
in a rubber stopper in the wall of the chamber. The venous cannulae drained into a test-tube, 
to preserve a constant level of venous pressure. The artery was connected through a constant- 
flow pump (sigmamotor) to a funnel containing a known volume of buffered Ringer’s 
solution, at pH 7-4. This solution was prepared by mixing two stock solutions which were 
stored at 4° C until required. One part of a solution of CaCl, (2-16 g/l.) was added to 8 parts 
of a solution of 76-5 g NaCl, 3-78 g KCl, 4-50 g anhydrous Na,HPO,, and 1-5 to 2-5 ml. 
M-H,PO, to pH 7:4 in 8 1. of water. 
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The total volume of fluid in the system could be reduced to less than 5 ml. of which only 
0-1—0-2 ml. was in the vessels of the ear. The pump delivers a pulsatile flow, the mean value 
of which is accurately known from the calibration of a continuously variable gear on its 
motor. The output is completely independent of the resistance to flow into which it pumps, 

The driving pressure was measured by a strain-gauge electromanometer (Statham) con- 
nected to the arterial cannula and was recorded on an ink-writing recorder (Varian). 


P 




















M—> 


Fig. 3. Diagram of apparatus used in the null method. fF, constant-flow pump; 
M, manometer showing negative tissue pressure; P, pressure transducer for 
driving pressure; V, vacuum pump. 
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Fig. 4. Record obtained by the ‘null method’. For explanation, see text. 


Solutions of fresh adrenaline (Parke, Davis and Co; epinephrine hydrochloride solution 
C.S.D. 1/100) were made up in concentrated form (1 in 10° or 1 in 10*) at pH 4-0, in which 
the in vitro oxidation is inhibited. Small volumes of these solutions were added to the 
funnel of Ringer’s solution, which was quickly stirred to give the various concentrations of 
drug desired. It was found early in the research that the addition of as little as 1 part in 
200 of blood or plasma (or of a 0-8 mg % glutathione solution) to the perfusate removed any 
evidence of in vitro oxidation of the drug during its passage through the ear, and made 
the concentration—response curves much more consistent, as well as increasing the re- 
sponsiveness. 

As has been general experience, the isolated ears, perfused by cold Ringer’s solution, were 
responsive to concentrations of adrenaline as low as 10-* g/ml. Oxygenation of the per- 
fusing solution by bubbling O, in the funnel made no appreciable difference to this re- 
sponsiveness. There was very little change in responsiveness in the 1-2 hr period of an 
experiment, 

Operation of the ‘null method’ for measuring the tension 

Figure 4 is a typical record from an experiment at a constant flow of 2-5 ml./min. At the 
point marked ‘a’, the reservoir funnel was emptied and the solution was replaced by 
Ringer’s solution containing a concentration of 2 x 10~® of adrenaline. When the subsequent 
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rise of pressure reached a steady level, at point ‘b’, the pressure in the chamber was reduced 
(by @ vacuum pump) until the driving pressure was below the original value, point ‘c’. As 
soon as the box pressure was lowered the venous outflow ceased, and some fluid from the 
outflow test-tube was observed to flow back into the ear to fill the distended vessels. For 
up to 30 sec, the record of driving pressure showed a rise as the new steady state of flow was 
reached. Air was then allowed to leak into the chamber until the mean driving pressure 
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Fig. 5. Relation of negative pressure in the chamber to rise of driving pressure 
at constant flow for six different ears. 


reached its original value. The pressure in the chamber was rapidly returned to atmo- 
spheric, and the driving pressure rose to the original value (point ‘d’). Finally (point ‘e’) the 
solution in the funnel was replaced by fresh Ringer’s solution, and the driving pressure 
returned to its original value. The measurements of the records, and of amercury manometer 
attached to the chamber, gave the simultaneous values of the rises of driving pressure Pp 
at constant flow, and of the increased transmural pressure (the negative pressure in the 
chamber) required to bring the vessels back to their original resistance. 
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RESULTS 


The graphs of the negative tissue pressure, for the ‘null’ point, pro- 
portional by the theory to the tension of the smooth muscle, versus the 
rise in driving pressure for six different ears, are shown in Fig. 5. Graphs 
a, 6, c and d are at the same constant-flow rate; e and f are at two other 
rates of flow. It may be seen that if the drug produces rises of pressure of 
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Fig. 6. Results for ten different ears, each at a constant flow of 2-52 ml./min. 


The coefficient of linear correlation for abscissae greater than 20 mm Hg is 


0-96. —P,= 1-26P)+12, .. T4x(AP,+10) for AP, > 20. 


more than 20 mm Hg the relation is remarkably linear. The straight line, 
when extrapolated, has an intercept of about minus 10 mm Hg, for the 
flow rate of 2-5 ml./min. In this range, therefore, the tension of the smooth 
muscle is accurately proportional to the rise of arterial pressure plus a small 
constant added pressure (10 mm Hg in this case). In the case of the other 
rates of flow used, the added constant is less, and could be neglected. 
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The results of many experiments at the intermediate flow rate of 2-5 ml./ 
min on ten different ears are shown on a scatter graph in Fig. 6. The 
linearity for pressure rises of more than 20 mm Hg is evident even when 
many ears are included. The coefficient of correlation was 0-96 (37 degrees 
of freedom). Similar scatter graphs were made for flow rates of 1-72 and 
350 ml./min. The coefficients of correlation were again very high, 0-98 
(16 degrees of freedom) and 0-97 (14 degrees of freedom) respectively. The 
slope of the regression line for the flow rate of 1-72 ml./min was significantly 
different from that of the data at a flow rate of 2-52 ml./min, and in the 
case of the highest and lowest flow rates the intercepts of the regression 
lines on the pressure axis were between 0 and — 5 mm Hg, which would be 
negligible for practical purposes. 


DISCUSSION 


It is evident that when the method of perfusion at constant flow is used, 
the increase in driving pressure (or in the proportional resistance to flow) 
is a very good measure of the increase in ‘active tension’ of the vascular 
smooth muscle when a given concentration of adrenaline is present in the 
perfusate. There is very little error in assuming strict proportionality 
between the rise in driving pressure and the active tension. Greater ac- 
curacy for the flow rate of 2-5 ml./min used in the majority of the experi- 
ments is achieved by adding a constant 10 mm Hg to the observed in- 
crease of pressure, for pressure increases greater than 20mm Hg. Pro- 
portionately less should be added for increases of less than 20 mm Hg, say 
3mm Hg for AP, between 0 and 10 mm Hg, and 7 mm Hg for AP, 
between 10 and 20 mm Hg. For the two other flow rates (1-72 and 3-50 
ml./min) no correction is necessary. 

Since the concentration—response curves when the experiments are made 
with constant perfusion pressure, rather than with constant flow, are com- 
pletely different, it is obvious that the constant-pressure method offers no 
possibility of measuring the ‘primary response’. 

The linearity of the relation with ‘active tension’ in the constant-flow 
method is not to be thought of as arising from any simple basic relations, 
but as an ‘accidental’ result of many factors concerned with the vascular 
resistance. The degree of distensibility (change of radius with transmural 
pressure) is one of these factors, the fourth power relation between radius of 
vessel and viscous resistance is another, and mathematical analysis (see 
Appendix) indicates that a decrease in distensibility when the smooth 
muscle contracts is also involved. It should be emphasized, therefore, 
that this fortunate linearity in the case of the rabbit’s ear, at the rates of 
flow employed, must not be taken as an indication that a similar linearity 
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would exist in other vascular beds under different circumstances of pres- 
sure and flow. A generalization that the method of constant flow would be 
more likely to give such linearity than the more common method of per- 
fusion at constant pressure would, however, be justified. The mathematical 
analysis given in the appendix encourages the hope that approximate 
linearity would be found in other vascular beds. 


SUMMARY 


1. The need is pointed out for a method of measuring the ‘active 
tension’ of vascular smooth muscle in response to a given concentration of 
a pressor drug, or to nervous stimulation, if interpretation in terms of 
kinetics of drug action is to proceed. 

2. It has been shown that if the ‘response’ is measured by a change of 
resistance to flow of the vascular bed, the relation between response and 
concentration of adrenaline is quite different if constant-pressure per- 
fusion is used, from the results with perfusion at constant flow. 

3. A ‘null method’ for measuring the ‘active tension’ directly has been 
devised, based on a ‘lumped parameter’ theory of a single equivalent 
vessel having the same resistance to flow as the vascular bed. 

4. When the results of this ‘null method’ are compared with the rise in 
driving pressure obtained under constant flow, in a range of concentrations 
of adrenaline from threshold concentrations to those giving maximal 
response, it is found that the relation is linear for all but the smallest 
responses (increases in driving pressure of less than 20mm Hg). In 
contrast, the changes of resistance observed when constant perfusion 
pressure is used are not at all linearly related to the active tension. 

5. It is concluded that for the rabbit ear preparation the measurement 
of responses to adrenaline as increases of driving pressure, or of resistance, 
at constant flow should permit interpretation in terms of basic theories of 
action of the drug on the smooth muscle. 

The work was made possible by the granting of leave of absence to one of us (R.H.S.) 
from Ontario Agricultural College, Department of Physics. We are grateful to Mrs D. Elston 


for technical assistance. This research was supported by a grant of the Medical Division of 
the National Research Council of Canada. 


APPENDIX 
Theory of constant pressure and of constant flow perfusion 
The concept of a ‘single equivalent resistance vessel’ is used, as already 
explained in the text. The total tension, 7’, per centimetre length of vessel, 
is given by 
T =T,+T,, (1) 
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in which the ‘elastic tension’, 7',, is a function of the radius of the vessel 
(Fig. 7); i.e. 


T, = T-f(r). (2) 
For the total tension 7' we have the law of Laplace, 
T=P, T™ XT; (3) 


where Py, is the transmurai pressure of the single equivalent vessel. 

It is easily shown that if the use of the ‘single equivalent vessel’ is 
justified, i.e. most of the total resistance to flow resides in one set of 
vessels (the arterioles), then the mean intravascular pressure at the single 
equivalent vessel must be midway between arterial and venous pressures. 
If venous pressure be taken as zero, then 


Pry = P,/2, (4) 
where P, is the ‘driving pressure’, arterial minus venous pressure. By 
substitution, equation (2) becomes 
Pp.t 





—f(r). (5) 


Equation (5) applies whether constant-pressure or constant-flow methods 
of perfusion are employed. 


Perfusion at constant driving pressure 


Here P,, is constant in equation (5). A graphical solution of the equation 
has been given elsewhere (Burton, 1951), and is repeated in Fig. 7A. The 
curve represents the rise of elastic tension with increase of the radius r of 
the vessel, beyond its unstretched radius ry. The straight line (Laplacian 
line) through the origin, with slope equal to P,/2, represents the total 
tension that must be present if the law of Laplace is to be obeyed. The 
intersection at point A represents the radius and elastic tension of the 
vessel when it is in equilibrium under elastic tension only, without any 
vasomotor tone (7', = 0). Suppose that under vasomotor tone the vessel 
contracts to radius r’, then the new total tension is represented by the 
vertical distance BD. Of this, CD represents the now reduced elastic 
tension. The remainder, BC, must represent the active tension 7', re- 
quired to reduce the radius from r to r’. On the basis of this diagram the 
possibility of ‘critical closure’ was predicted, since when the intercept BC 
has reached its maximum value (B’C’), at a value of r close to rp, no greater 
active tension than this will be required to cause complete closure of the 
vessel, unless new forces intervene. 

Elastic diagrams of blood vessels (Roach & Burton, 1957) are such that 
at a moderate degree of stretch beyond the ‘unstretched radius’ ro, the 
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line of elastic tension reaches its maximum slope, since all the collagenous 
fibres in the wall are now being stretched. Except for the lowest values of 
active tension and of transmural pressure, therefore, we may use an 
approximation for f(r), 

f(r) = k(r—1), (6) 
where k is the maximum elastic modulus of the wall. Substituting this in 
equation (5) yields 

T, = kro—(k—Pp/2)r, 
a (7) 
k—P»p/2 
(& must be greater at P,,/2, as inspection of the diagram will show: other- 
wise there will be no intersection, indicating ‘blow-out’ of the vessel under 
too high a pressure). 
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a, with perfusion at constant pressure; 6, with perfusion at constant flow. 


We may deduce how the resistance to flow will depend on the active 
tension, 7',, by using the Poiseuille-Hagen formula, 


R=ar, where a= — (8) 
7 
_ a(k—P,/2) 


Finally, = (kr, —T,)* . (9) 


Equation (9) predicts a very accelerated rate of increase of resistance as 
7’, increases, because the fourth power is involved, until finally, when 
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T, = Pp/2xr9, the point of critical closure is reached. Such a very 
curvilinear relation between resistance and concentration of adrenaline 
(related to 7',) was found experimentally (Fig. 1B) when constant- 
pressure perfusion was used. 


Perfusion at constant flow 


Equation (5) applies, but P, is no longer constant. Instead, 
Py = FxR = aFr4, (10) 


where F is the constant-flow rate. Substituting in equation (5), 
oF 
1 = =r Sr). (11) 


The solution of equation (11) is represented graphically in Fig. 7B, where 
the broken line represents the first term (in r~*). The intercept BC is now 
much greater than in Fig. 7a, i.e. much more active tension is required to 
reduce the radius of the vessel. This is, of course, because of the com- 
pensatory rise of transmural pressure that occurs in the constant-flow 
method. There is now no maximum value of the intercept B’C’ (as in 
Fig. 7a), and so no possibility of ‘critical closure’. 
Again we may use the approximation for f(r), equation (6), and find 
at F Rt 


2 





How can this equation represent an almost linear relation, except for 
very small values of 7',, between 7’, and the resistance R? (The driving 
pressure P, plotted in Fig. 5 is proportional to the resistance R if the flow 
is constant.) In a plot of 7’, versus R, the term Ri? will give a relatively 
slight curvature towards the axis of R over the whole range. The term in 
R-+, which is smaller, decreases rapidly as R is increased. Subtraction of 
this term from the other will tend to straighten the line, over the range in 
which the term is not negligible. To illustrate this, numerical calculation 
has been made of the function 


y = nRi- Rt 


with n having values of 1, 2, 3 and 4 (Fig. 8). 

The working range of the experiments at constant flow corresponds to an 
increase of the resistance of, at the most, five times, as the maximal effect 
of adrenaline is reached before this. The linearity and correspondence to 
the experimental curves is moderately good. There is, however, evidence 
of a further factor that makes the linearity more marked. This is the 
evidence that when there is vasomotor tone the value of k increases. 
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The sigmamotor pump supplies a constant fluctuation in volume flow, 
which is shown by the fluctuation in driving pressure on the records, i.e. 
the ‘pulse pressure’. The records by the ‘null method’ for the active 
tension (e.g. Fig. 4) show that, even when the vessels are brought back to 
their original size, the pulse pressure increases with the concentration of 
adrenaline. This indicates an increase in the elastic modulus, k, brought 
about by the ‘tightening-up’ of the ‘slack’ in the collagenous fibres when 


n=4 


12 











0 1 2 3 4 5 


Fig. 8. Plot of the function y = nR?—R-? for values of n of 1, 2, 3 and 4. 


the smooth muscle contracts. There is an increase in pulse pressure to 
about twice its original value as the resistance increases three times 
(Fig. 9B). We therefore corrected the numerical calculation to 


y = nRt—f(R-), 


where f increased from 9-5 to 1-0, as indicated in Fig. 9A. The result is 
a marked straightening of the line, except for the lowest values of 7. It 
now resembles the experimentally determined curves of Fig. 5 very closely 
indeed. 

It is concluded, therefore, that the remarkable linear relation found 
experimentally, with perfusion at constant flow, is consistent with the 
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theory, and that the same theory predicts that the method of perfusion at 
constant driving pressure would give no such convenient linear relation 
between active tension and response. While it is not at all conclusive, the 
theory does offer hope that other vascular beds than that of the isolated 
rabbit’s ear might obey similar linear relations if the method of constant 
flow were employed. 
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Fig. 9. A. Assumed variation of the factor f in the relation y= nR?t—fR-t. B. 
Experimental results for pulse pressure versus concentration of adrenaline. The 
pulse pressure was measured at the ‘null point’, i.e. with the single equivalent 
vessel at the same size. C. Application of the correcting factor f to the curve of 
Fig. 8(n = 3). (a) broken line, uncorrected (y = 3R?—R-+; (b) solid line, corrected, 
(y= 3Rt—fR-). 
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SYNAPTIC LINKAGE BETWEEN AFFERENT FIBRES OF THE 
CAT’S HIND LIMB AND ASCENDING FIBRES IN THE 
DORSOLATERAL FUNICULUS 


By A. K. McINTYRE anp R. F. MARK 


From the Department of Physiology, Medical School, 
University of Otago, Dunedin, New Zealand 


(Received 12 February 1960) 


In contrast with the very large amount of work carried out on the 
synaptic mechanisms of motoneurones, relatively few investigations have 
been made into the properties of the synapses which interrupt afferent 
pathways, although the latter junctions have long been known to possess 
distinctive properties (Marshall, 1941; Therman, 1941; Grundfest & 
Campbell, 1942; Lloyd & McIntyre, 1950; Amassian, 1953; Bishop, 1953; 
Rose & Mountcastle, 1954). Of the afferent junctional systems previously 
studied, the linkage between hind-limb primary afferent fibres and neurones 
projecting rostrally in the ipsilateral dorsolateral funiculus is of special 
interest because low-threshold (Group I) afferent fibres serving muscle 
effect monosynaptic connexions with neurones of this projection system 
(Clarke’s column cells) as well as with motoneurones (Lloyd & McIntyre, 
1950). Thus a favourable situation is provided for comparing the properties 
of an afferent with those of the well-known motoneurone synaptic system. 
The object of the experiments to be described was to explore more fully 
the differences between these two synaptic systems, and to examine the 
response patterns evoked in single dorso-lateral tract neurones by different 
forms of peripheral stimulation. Many of our results are in substantial 
agreement with those of Laporte, Lundberg & Oscarsson (1956a, b) and 
Laporte & Lundberg (1956), which became available when this investigation 
was at an advanced stage. Some of our findings have already been reported 
briefly (McIntyre, Mark & Steiner, 1956; Mark & McIntyre, 1956). 


METHODS 


Adult cats were used in all experiments, usually anaesthetized with pentobarbitone 
(Nembutal; Abbott Laboratories) in initial dosage of 40 mg/kg given intraperitoneally. 
Anaesthesia was maintained by intravenous administration of additional pentobarbitone 
as required. In a few experiments the animals were used in the acutely decapitate state 
after initial ether anaesthesia. Laminectomy was performed in order to expose the spinal 
cord from the lumbosacral to the upper thoracic segments; rigid fixation of the vertebral 
column and pelvis was secured by a series of clamps attached to a heavy base-plate. Ir 
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some experiments, electrical activity of the dorsolateral tract was recorded in volume by a 
surface lead, as in a previous study (Lloyd & McIntyre, 1950); in others, monophasic records 
of the tract discharge were made from a length of the dorsolateral funiculus in continuity 
caudally, but severed rostrally and dissected from the cord for several centimetres. This 
method was suggested by the work of Rudin & Eisenman (1951), and has been used exten- 
sively by Lundberg and his colleagues (Laporte e¢ al. 1956a; Oscarsson, 1956, 1958). Nerves 
or spinal roots pertaining to the ipsilateral hind limb were dissected for recording or stimu- 
lation, and all exposed tissues were covered with warm mineral oil equilibrated with 95% 
oxygen and 5 % carbon dioxide and retained by skin flaps in the usual way. Body tempera- 
ture was maintained between 36 and 39° C by heating the experimental room and by the 
use of an infra-red lamp and an electrically-heated table. When ‘natural’ stimulation of 
cutaneous or muscle receptors was employed, denervation of most of the hind limb except 
for the chosen receptive fields was usually practised. 

Responses of individual tract neurones were recorded by means of Ling—Gerard type glass 
capillary micropipettes filled with 3 M-KCl, with tip diameters of 0-5, or less. They were 
inserted by means of a rigidly mounted micromanipulator either into an otherwise un- 
disturbed region of the dorsolateral tract usually in the 8th, 9th or 10th thoracic segment, 
or into more caudally situated regions of the grey matter containing the parent cell bodies 
of tract fibres. The usual cathode-follower input stage and standard dual-channel amplifying 
and display equipment were used, as described in other publications from this laboratory 
(Brock, Coombs & Eccles, 1952; Mark & Steiner, 1958; McIntyre, Bradley & Brock, 1959). 
Permanent photographic records were made with a Grass automatic camera. Electrical 
stimulation was effected either by thyratron-controlled condenser discharges and an isolating 
transformer, or by ‘square-wave’ pulses from a Grass stimulator and a radio-frequency 
stimulus isolation unit. For ‘in-volume’ stimulation of the spinal cord, pairs of fine steel 
needles, insulated except for the tips, were employed; otherwise, platinum or silver hook 
electrodes were used for stimulating or recording from peripheral nerves, spinal roots or 
the dissected dorsolateral tract. In some experiments contractions of hind-limb muscles 
were recorded by a strain gauge, the output of which drove one beam of the display unit 
by way of a direct-coupled amplifier. Muscle stretch was applied by a hand-operated rack 
and pinion device carrying the strain gauge, and the skin was stimulated by meens of a 
blunt-ended glass rod or a fine probe. 

‘Input’ was monitored either triphasically by a wick lead in contact with the appropriate 
dorsal root fibres at their entry into the spinal cord, together with an indifferent electrode 
placed on nearby muscle, or in the case of cutaneous nerves, diphasically by two electrodes 
located ventral to the stimulating pair (Mark & Steiner, 1958). Throughout this account, 
the terminology for cutaneous afferent fibres recently adopted by Lloyd (1957) will be used, 
namely, Group II for the band of larger myelinated fibres of about 6 and upwards in 
diameter (alpha and beta in the terminology of Gasser), and Group III for the smaller 
myelinated fibres or delta pile (Gasser, 1941). 


RESULTS 
Responses of the whole tract 


Pattern and latency of responses. Figure 1 shows examples of the potentials 
evoked in the dorsolateral funiculus upon stimulating primary afferent 
fibres in lumbosacral dorsal roots. The most prominent feature is the 
large monosynaptically generated initial deflexion, which represents the 
nearly synchronous discharge of many tract fibres of rapid conduction 
velocity (Lloyd & McIntyre, 1950). The remainder of the response, or 

20-2 
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after-discharge, is revealed most clearly by the monophasic method 
(C and D); it continues with declining amplitude for at least 10 msec. 
In view of differences in conduction distance to the recording ‘station, 
latency of the initial monosynaptic response varies, of course, from 
preparation to preparation; the range for maximal dorsal root volleys in 
these experiments was 1-7—2-8 msec. In a given preparation little variation 
in latency is observed when maximal volleys are used; however, when the 





Fig. 1. Responses of dorsolateral tract to stimulation of combined L7 and S1 
dorsal roots. A and B recorded by surface lead from the undisturbed tract in the 
9th thoracic segment ; two different preparations. C and D, monophasic records at 
different sweep speeds from the dissected dorsolateral funiculus in another prepara- 
tion, at the 8th thoracic segmental level. A and B retouched. Time marker, msec. 


input volley is reduced in size latency increases and becomes more variable. 
Graphical expression of this finding is presented in Fig. 2, in which the 
ordinate represents latency, and the abscissa, amplitude of the input 
dorsal root volley expressed as percentage of maximum. 

Figure 3 gives examples of responses recorded from the whole dorso- 
lateral funiculus upon stimulation of nerves in the hind limb. The response 
to a muscle afferent volley (A, B, C) is seen to consist of a well synchronized 
deflexion some 2-4 msec in duration, with very little after-discharge. 
Figure 3D demonstrates that a volley in a cutaneous nerve also sets up 
a substantial response in the dorso-lateral tract, in agreement with 
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Fig. 2. Latency of tract response to stimulation of the combined L7 and S81 
dorsal roots plotted against size of afferent volley. Ordinate, latency measured 
from the moment at which the afferent volley enters the cord. Abscissa, amplitude 
of dorsal root volley expressed as percentage of maximum. 





Fig. 3. Responses evoked by stimulation of hind-limb nerves and recorded 
monophasically from the ipsilateral dorsolateral funiculus. A and B, response 
recorded at two different sweep speeds to a volley in the combined nerves of triceps 
surae, plantaris and flexor digitorum longus, stimulus intensity being adequate 
to excite Group II as well as Group I fibres. C, response to similar stimulation of 
triceps surae nerves alone. D, response to stimulation (maximal for Group II 
fibres) of peroneal cutaneous nerve. Amplification for C and D twice that for 
A and B. Time scale below record D shows 10 msec intervals, and applies only to 
this record. Other time marks show milliseconds, and apply to the tracings above 
them. A and C recorded at the same sweep speed. 
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Laporte et al. (1956a). In comparison with the response to a muscle 
afferent volley, latency is longer, the initial deflexion is smaller and less 
well synchronized, and there is a prominent delayed discharge. It there- 
fore appears that the after-discharge elicited in the tract by a dorsal root 
volley must largely be generated by the action of impulses in primary 
afferent fibres pertaining to cutaneous nerves, and not (or to a much 
smaller extent) by those in afferent fibres serving muscle. The tract 
response evoked by the combined action of a skin and a muscle-nerve volley 
timed to arrive simultaneously at the cord resembles the pattern of dis- 
charge evoked by dorsal root stimulation, and the combined potential 
approaches in magnitude and contour the sum of the tract responses to 
skin and muscle volleys in isolation. Thus excitatory convergence of 
cutaneous and muscle afferent fibres on to common tract units does not 
appear to be a prominent feature of the synaptic mechanisms concerned. 

Although the latency of tract responses to cutaneous nerve stimulation 
is longer than that for a muscle afferent volley, measurement shows 
latency within the cord to be about the same, the additional delay in the 
case of cutaneous nerve volleys being the result of slower peripheral 
conduction velocity. Thus the earliest portion of the tract deflexion to be 
expected if cutaneous fibres could be stimulated in isolation at dorsal root 
level would appear early enough to contribute to the initial tract spike 
actually set up by a dorsal root volley, and it follows, too, that at least 
some of the cutaneous afferent fibres activating neurones projecting 
rostrally in the dorsolateral funiculus must do so by way of a single 
synaptic relay. 

Upon repetitive stimulation of dorsal roots or hind-limb nerves, many 
tract neurones continue to respond even at fairly high frequencies of pre- 
synaptic drive. Surprisingly little reduction in the amplitude of individual 


tract responses takes place at a stimulation rate of 100/sec or even higher, | 


in contrast with the monosynaptic discharge of motoneurones which is 
heavily depressed or abolished at such rates of presynaptic activation. 
However, the tract after-discharge suffers considerable reduction during 
a period of tetanic primary afferent stimulation. 

Input-output relations. Input—output curves for the triphasically re- 
corded monosynaptic initial tract deflexion in response to a dorsal root 
volley have previously been described (Lloyd & McIntyre, 1950). How- 
ever, it is possible with monophasic recording to assess total tract output, 
including the after-discharge, by measuring area of the response. Figure 4 
presents curves from an experiment in which measurements of discharge 
area (©) as well as amplitude of the initial spike-like deflexion (@) have 
been made from monophasic records of the tract discharge at various 
levels of dorsal root afferent input. Under the conditions of this experi- 
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ment, maximum input represents the summed activity of the Group I 
and Group II fibres in the stimulated dorsal roots (Lloyd, 1943a, b). 
Both curves rise steeply from their origin in expression of the fact that 
the smallest input volleys evoke measurable responses in the tract. From 
this it can be concluded, in confirmation of earlier studies, that dorsal root 
fibres of the lowest threshold excite some neurones of the tract by way of 
synaptic junctions of high transmitter potency, little or no summation 
being required to secure post-synaptic discharge. The curves stand in 
striking contrast with those defining amplitude of monosynaptic ventral 
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Fig. 4. Input—output curves relating amount of monophasically-recorded dorso- 
lateral tract discharge to size of causative afferent volley, secured by stimulation 
of the combined L7 and S1 dorsal roots. Ordinates, tract output expressed as per- 
centage of maximum; abscissa, amplitude of dorsal root volley also expressed as 
percentage of maximum. @, amplitude of initial tract deflexion ; O, area of total tract 
discharge (potential-time integral). Each point the average of 8-12 observations. 


root reflex discharge in response to various levels of dorsal root input, the 
sigmoid form of which expresses the need for summation in this simplest 
of spinal reflex paths (Lloyd, 1943a). 

With monophasic recording we have found that amplitude of the initial 
spike tends to reach a plateau when the afferent volley attains about 
70-80% of maximum. Total tract discharge, however, continues to grow 
until the input reaches 100 % (Fig. 4, O). Together these curves show that 
dorsal root fibres of all threshold values represented on the input scale 
(Groups I and II) effect excitatory connexions with neurones projecting 
by way of the dorsolateral funiculus, but that only the larger fibres of 
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lower threshold are concerned in evoking the early responses which sum 
to form the prominent initial component of the tract discharge. Of these 
larger fibres, those in the Group I category are clearly of prime importance. 
However, the larger Group II fibres of cutaneous origin must also participate 
in setting up the initial tract deflexion evoked by dorsal root stimulation, 
in view of their low threshold, and the fact that cutaneous afferent volleys 
can elicit tract responses of similar central latency (Fig. 3D). 

The increase in total response of the tract (curve defined by open circles 
in Fig. 4) through recruitment of the higher-threshold Group II fibres to 
the input must obviously affect only its later portion. Indeed, progressive 
growth in the amount of late discharge can be observed by simple in- 
spection of monophasic records as the input volley is increased above 50% 
and approaches its maximum value. No such growth is usually apparent 
in triphasic records made from the cord surface, an observation which 
suggested to Lloyd & McIntyre (1950) that the Group I band of fibres 
alone is responsible for the delayed as well as for the initial tract discharge. 
This difference may be a result or the tendency towards mutual cancella- 
tion of asynchronous unit potentials recorded in volume. 

Figure 5 plots the input—output relation for the amplitude of the tract 
discharge evoked by muscle afferent volleys in four experiments, the 
abscissa showing size of Group I volley as percentage of maximum. It can 
be seen that the relation is essentially linear, some response of the tract 
being detectable with quite small Group I volleys, and that no plateau 
appears as is the case when a dorsal root provides the input channel. 
Increasing the stimulus strength to include afferent fibres of higher 
threshold does not augment amplitude of the evoked tract spike, but may 
add a small late component to the response. The curve in Fig. 5 thus provides 
confirmation of the conclusion from studies with dorsal root stimulation 
that fibres throughout the Group I range are effective in provoking dis- 
charge of tract neurones by way of synaptic junctions of high transmitting 
power. The curve contrasts with the relationship found when Group I 
input is plotted similarly against monosynaptic ventral root reflex dis- 
charge (Hunt, 1955), an example of which is shown by the interrupted 
line in Fig. 5. 

The difference between the curve of Fig. 5 and the upper (amplitude) 
curve of Fig. 4 is presumably related in part to the absence, in the measured 
input for the former (Group I action only), of the Group II component 
which accounts for growth of a dorsal root volley from 50 to 100% of 
maximum, and which has little effect on the initial tract discharge. Since 
the Group I component of a dorsal root volley is compressed into the 
region of the abscissa between threshold and about 50% of maximum, 
a hypotheticai curve defining growth of the fraction of tract response 
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caused by the Group I content of such a volley would obviously rise more 
steeply than is the case in Fig. 5. However, it is likely that discharge of 
tract units linked to the larger Group II fibres contributes towards 
bringing about the steeper ascent of curves showing growth of response 
to dorsal root volleys (Fig. 4), for the tract response to a cutaneous volley 
rises very abruptly with increase of the input above threshold (Fig. 6). 
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Fig. 5. Plotted points show for four experiments the amplitude of dorsolateral 
tract discharge (initial deflexion) expressed as percentage of maximum (ordinate) 
at various levels of Group I muscle afferent input, also expressed as percentage of 
maximum (abscissa). +, output measured triphasically from the undisturbed 
tract in response to input secured by stimulation together of the nerves to triceps 
surae, plantaris and flexor longus digitorum. @, O, two different preparations 
in which the same combination of muscle nerves provided the input, but output 
was recorded monophasically. A, another experiment with monophasic re- 
cording of output, but with input restricted to nerves supplying triceps surae. Each 
point the average of 10—20 observations. The interrupted curve shows the relation- 
ship obtained in another preparation between amplitude of Group I input and 
monosynaptic reflex discharge in the L7 ventral root upon graded stimulation of the 
combined triceps surae, plantaris and flexor longus digitorum nerves (individual 
points not shown). 


In one of the experiments plotted in Fig. 5, the Group I fibres stimulated 
were those of triceps surae alone (points shown by triangles), in contrast 
with the other three in which several muscle nerves were stimulated to- 
gether. The points from the experiment with input restricted to a single 
synergic group do not appear to be distributed differently from those 
obtained by stimulation of the combined nerves of several muscles. This 
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observation, and the absence of a plateau in the curve, together suggest 
that there is not much convergent overlap of Group I afferent fibres from 
different muscles upon common tract neurones. Occlusion stemming from 
such convergence, if extensive, would be expected to find expression in a 
plateau, or at least an upward convexity, of the curve derived from the 
more massive input. Evidence from responses of single units in the tract 
favours the notion that on the whole individual muscles or synergic 
muscle groups are fairly discretely represented in the tract. 
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Fig. 6. Input-output curve for monophasically recorded tract discharge in 
response to graded stimulation of the ipsilateral superficial peroneal nerve. 
@, amplitude of the initial deflexion; O, area (potential-time integral) of whole 
tract discharge, both expressed as percentage of maximum (ordinate), against 
amplitude of afferent volley expressed as percentage of the maximal Group II 
(alpha-beta) spike. Points to the right of the vertical line at 100% on the abscissa 
show the tract output evoked by stimulation strong enough to engage Group III 
(delta) fibres. 


Figure 6 shows the input-output relation in an experiment with the 
peroneal cutaneous nerve serving as afferent channel, the tract response 
being recorded monophasically. The input scale represents amplitude of the 
cutaneous Group II volley in percentage of maximum; points to the right 
of the vertical line at 100% show the effect of adding a substantial 
Group III component to the volley. Asis the case with dorsal root stimula- 
tion, measurable responses of the tract appear with the smallest detectable 
cutaneous afferent volley, and increase steeply as the latter grow in size. 
The amplitude curve (@) reaches a plateau when the afferent volley is 
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about 70 % of maximum, and no further increase is observed when Group III 
impulses are added to the input. The curve for area, on the other hand, 
(OC), shows after its steep initial portion a more gradual increase which 
continues throughout growth of the input volley to include all Group II 
fibres ; recruitment of Group III fibres brings about a further increment in 
the total amount of discharge. 

The abrupt origin of the curves in Fig. 6 shows that the low-threshold 
dorsal root afferent fibres effecting powerful synaptic linkages with tract 
neurones include many of cutaneous origin in addition to Group I fibres. 
The steeper rise and upward convexity of these curves compared with the 
roughly linear relationship obtained with Group I input (Fig. 5) suggests 
that the manner of synaptic linkage between cutaneous afferent fibres and 
neurones of the tract differs in some respects from the arrangement ob- 
taining for the low-threshold muscle afferents. Shape of the amplitude 
curve in Fig. 6 is consistent with the notion that individual cutaneous 
afferent fibres make excitatory connexions with a considerable number of 
tract neurones, powerful enough with one or a few to cause discharge, 
subliminal in action on the remainder; and that the synaptic scale of 
each tract neurone in this category is composed of endings derived from 
many different primary afferent fibres. Otherwise expressed, both di- 
vergence and convergence are prominent features of the synaptic mechan- 
isms linking cutaneous afferent fibres with tract neurones, in contrast 
with the more discrete arrangement postulated for Group I muscle afferents. 
Such an arrangement could explain the ‘amplification’ indicated by the 
steeply rising portion of the upper curve in Fig. 6, for each additional 
afferent fibre recruited by progressively stronger stimulation would be 
able to fire more neurones than it could acting in isolation, by virtue of 


‘spatial summation in units of the subliminal fringe created by action of its 


fellow afferent fibres of lower threshold. The plateau is likely to be at least 
in part a result of occlusion. The existence of extensive functional con- 
vergence upon individual tract neurones is directly demonstrated by the 
unit responses to be described subsequently. 

Post-tetanic potentiation. Figure 7 demonstrates that there is a striking 
difference between the degree of post-tetanic potentiation (PTP) detectable 
in a motoneurone pool (Lloyd, 1949) and a population of dorsolateral 
tract neurones. Above (0) is plotted the amplitude of a monosynaptic 
reflex discharge recorded from the L7 ventral root and elicited at four- 
second intervals by test stimulation (supramaximal for Group I fibres) 
of a group of muscle nerves. Below is plotted (@) the amplitude of the 
initial dorsolateral tract deflexion evoked by the same afferent volley 
and recorded simultaneously on the second oscilloscope beam. The tract 
response undergoes very little potentiation (peak 1-5 times control value) 
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in comparison with the motoneurone discharge which is increased twenty- 
fivefold. This result agrees with the findings of Holmqvist, Lundberg & 
Oscarsson (1956), and shows that there is a small subliminal fringe of 
tract neurones even with a maximal Group I volley, in contradiction of 
earlier experiments using the less sensitive ‘in-volume’ recording tech- 
nique, in which no PTP could be detected (McIntyre, 1953). Figure 7 
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Fig. 7. Post-tetanic potentiation of responses to stimulation (supramaximal 
for Group I fibres) of the combined triceps surae, plantaris and flexor longus 
digitorum nerves. Ordinates, size of individual responses in multiples of pre- 
tetanic control amplitude (note different scales). Abscissa, time in minutes after 
cessation of tetanic stimulation for 10 sec at 450/sec, delivery of which is indicated 
by the black rectangle. Individual controls shown to the left of the latter. 
O, monosynaptic reflex discharge in L7 ventral root. @, amplitude of mono- 
phasically recorded dorsolateral tract response recorded simultaneously on the 
second oscilloscope beam. 


demonstrates that the two sets of Group I presynaptic endings undergo 
qualitatively similar post-tetanic changes in transmitter potency, but the 
large discrepancy in magnitude of the effect emphasizes the difference 
between the two synaptic systems. Even less PTP has been seen in re- 
sponses of the tract to maximal cutaneous afferent volleys, indicating that 
the subliminal fringe for the appropriate tract neurones must be very 
small indeed under these test circumstances. 


Responses of single tract units 


Response patterns. With Ling—Gerard micropipettes, responses can be 
recorded from single fibres in the dorsolateral funiculus, from cells of 








ity- 
g & 
> of 
1 of 
»ch- 
e 7 


rgo 
the 
nce 


hat 
ery 


be 
; of 








AFFERENT SPINAL SYNAPSES IN CAT 317 


Clarke’s column in the upper lumbar segments, or more caudally from 
other cells in the grey matter, the units being identified in each case by 
their short-latency antidromic response to stimulation of the dorsolateral, 
funiculus in the mid or upper thoracic region. Most of our unit responses 
have been recorded from tract fibres, as in the work of Laporte et al. 
(19566), with whose results our own are in general agreement. Figure 8 
shows typical examples of single-tract unit responses to dorsal-roct 
stimulation. The most striking characteristic of the responses to single 
afferent volleys is the common occurrence of repetitive firing, in contrast 


J 


Fig. 8. Responses recorded by Ling—Gerard micropipettes of four different fibres 
in the dorsolateral funiculus to stimulation (maximal for Group I and Group II 
fibres) of the combined L7 and 81 dorsal roots. The last spike in record B is set 
up by direct stimulation of the tract several segmerits above the recording site; 
its short latency shows it to be an antidromically conducted response. Spikes 
retouched in A, C and D. Time marker, msec. 








with the behaviour of motoneurones. Firing frequency was often as high 
as 800/sec and in many units initially exceeded 1000/sec. Such high 
frequencies might suggest injury, but this can be ruled out because no 
high-frequency bursts appeared spontaneously, and such neurones could 
be made to discharge single impulses by reducing the size of afferent volley 
(Figs. 10 and 11) or by antidromic activation (last spike in Fig. 8B). 
Furthermore, direct stimulation of such tract neurones by ‘square-wave’ 
current pulses 10-50 msec in duration induced repetitive firing throughout 
the stimulus, initially at high frequency, whereas a brief shock evoked but 
one impulse. 
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Thus there can be no reasonable doubt that the repetitive impulse trains 
are physiological at least in the sense that they can be evoked by way of 
essentially normal pre- and post-synaptic elements, and that they reflect 
some property of the synaptic junctions concerned which is absent from, 
or fails to manifest itself at, the synaptic junctions engaging motoneurones. 
Acceptance of these firing patterns as a normal manifestation of tract 
unit activity is further suggested by the prolonged shower of potentials 
recordable from the whole dorsolateral funiculus (Fig. 1), a ready explana- 
tion for which would be the occurrence of repetitive action in the undis- 
turbed projection system. 

By summing a series of unit discharge patterns, an approximate syn- 
thesis can be made of the total tract response which can be compared with 
an actual monophasic tract discharge. Figure 9 presents such a comparison 
carried out with the aid of certain simplifying assumptions explained in 
the legend. Peaks of the rectangles indicate contour of the summed 
response of 77 tract units; superimposed on this is a tracing of an actual 
whole-tract discharge recorded monophasically. Despite the relative 
crudity of the synthesis, correspondence between the actual monophasic 
response and the hypothetical discharge is sufficiently close to suggest not 
only that this small sample of 77 units is reasonably representative of the 
population, but also that repetitive firing of individual neurones is indeed 
an adequate explanation for the tract after-discharge. 

Effects of grading volley size on unit responses. Figure 10 presents four 
responses of a tract neurone to a dorsal root volley of increasing amplitude, 
and demonstrates our regular finding with repetitively-firing units of 
reduction in latency and increase in number of discharges with increased 
presynaptic drive. Figure 11 shows graphically for another unit similar 
changes in latency (@) and spike number (A), and it can be seen that these 
two effects are to some extent independent. Reduction in latency with 
augmentation of input is also seen in those units yielding only one impulse 
to a maximal afferent volley. It is obvious that these effects of grading 
the amplitude of afferent input on latency and on the number of post- 
synaptic impulses together demonstrate convergence of action by impulses 
in afferent fibres of different threshold upon individual tract neurones. 

From experiments in which nerves in the hind limb rather than dorsal 
roots were stimulated it is clear that the majority of tract units responding 
to dorsal root stimulation with more than 2-3 impulses, and all those 
discharging long trains (e.g. Fig. 8B, D), are connected to afferent fibres 
of cutaneous nerves, whereas a large proportion of those with responses 
limited to 1 or 2 impulses are concerned with signals from muscle stretch 
receptors. This is in general agreement with the findings of Laporte et al. 
(1956), and with the results of experiments upon the whole-tract dis- 
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charge (Fig. 3). Our experiments indicate that different muscles or 
synergic groups are fairly discretely represented in the tract, whereas 
widespread convergence takes place on units linked to cutaneous afferent 


fibres. 
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Fig. 9. Comparison of ‘synthetic tract response’, derived from firing patterns 
of 77 units, with actual monophasic dorsolateral tract discharge in response to 
maximal stimulation of L7 and S1 dorsal roots. Ordinate, number of units 
contributing to size of supposed summed potential at each of 13 intervals after 
onset of the initial spike, the intervals being set by the temporal sequence of 
the 13 impulses discharged by the unit giving the longest repetitive train (upper 
abscissa scale). Time (msec) after onset of first spike or whole tract discharge 
shown below. Stippled rectangles located on abscissa in accordance with the 
sequence of spikes in the unit firing 13 times; height of each is determined by the 
number of impulses appearing in that position were all 77 units to fire simultaneously 
with the same initial latency, and with the temporal sequence of subsequent spikes, 
if any, corresponding to that of the unit giving the longest train. Continuous 
line, tracing of an actual monophasic tract response to dorsal root stimulation 
on same time base and scaled so that its peak corresponds to height of the first 
rectangle. Impulses from different units are assumed to contribute equally to 
recorded potential. 


Unit responses to receptor stimulation. Further subdivision of the tract 





neurones linked with Group I afferent fibres is indicated by their responses 
to stretch of muscles with intact innervation. In agreement with Laporte 
& Lundberg (1956), the majority exhibited spindle behaviour but some 
had the characteristics of tendon organs. Low mechanical threshold and 
‘in-parallel’ behaviour during active muscle contraction (Matthews, 1933) 
together with, in the few instances in which it was tried, acceleration of 
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discharge by the action of succinylcholine or decamethonium (Granit, 
Skoglund & Thesleff, 1953) served to identify spindle-controlled tract 
units (Fig. 12 A); the tendon-organ type of unit was so designated because 
of high mechanical threshold and ‘in-series’ behaviour (Fig. 12 8B). In our 
experiments no evidence was obtained suggesting convergence of the two 








Fig. 10. Responses of a single unit in the dorsolateral funiculus to four different 
levels of afferent input secured by stimulation of the ipsilateral L7 dorsal root. 
Upper tracings, unit discharge recorded by Ling—Gerard micropipette; lower 
records, afferent volley recorded by surface lead at its entry into the cord. D, 
volley maximal for Groups I and II; A, B, C, volley 45%, 17% and 42% of 
maximum respectively ; spikes retouched. Time marker, msec. 


types of Group I fibre upon common tract neurones (but cf. Lundberg & 
Oscarsson, 1956). We conclude that the dorsolateral tract not only provides 
for discrete representation of synergic muscle groups, but within each 
group separate lines of communication are available for impulses from the 
two types of stretch receptor. 

Tract units fired by electrical stimulation of skin nerves (Fig. 134 
respond also to low-intensity mechanical stimulation of the integument or 
its appendages (Fig. 13.B). The receptive fields serving such units have 
varied greatly in extent, some measuring many hundreds of square milli- 
metres, whereas others, especially on the foot or toes, were only a few 
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millimetres across. Bending of hairs, or pressure exerted on the skin, 
were effective in setting up discharge of tract units linked to the area in 
question. The initial burst of impulses in response to natural stimulation 
may be at very high frequency, as is shown in Fig. 13.B, C. Thus it appears 
that the rapid repetitive firing set up by electrically-initiated nerve volleys 
is not entirely unnatural, almost as high rates of firing being evoked by 
receptor-initiated activity, presumably in converging primary afferent 
fibres serving the same skin area. 
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Fig. 11. Latency of first spike msec; (@ and continuous line, right-hand ordinate 
scale), and number of spikes appearing (4 and interrupted line, left-hand ordinate 
scale) are plotted for a dorsolateral tract unit at various levels of afferent input 
evoked by stimulation of the L7 and S81 dorsal roots and expressed as percentage 
of maximum (abscissa). 


Inhibition. In addition to the powerful excitatory effects of afferent 
impulses on neurones of the dorsolateral tract, inhibitory action can also 
be observed, as described by Laporte et al. (1956) and Laporte & Lund- 
berg (1956). Inhibition of tract units with excitatory drive from a given 
muscle may be exerted by Group I impulses from its antagonist, or by 
action in afferent fibres of higher threshold in other deep or superficial 
nerves. Although impulses from different cutaneous nerves converging 
upon a tract neurone commonly exert excitatory effects, inhibitory inter- 
action may also be observed. The experiment with natural stimulation 
illustrated in Fig. 13D may indicate the significance of such inhibition. 


This unit, fired by stimulation of the superficial peroneal nerve, showed 
21 PHYLIO. CLIII 
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some background discharge and responded to pressure on the lateral toe 
(upper record). It was readily inhibited by light pressure on the neigh- 
bouring toe or the plantar cushion (lower record). Such inhibition appears 
to be of the kind reported for other afferent pathways such as the dorsal 
column system (Mountcastle & Powell, 1959), and could serve to sharpen 
spatial discriminative ability. 





Fig. 12. Responses of tract units linked to stretch receptors in triceps surae, the 
afferent innervation of which was intact. A, unit showing muscle spindle behaviour: 
(i) lower record shows unit discharging to slight stretch of the muscle (about 15 g) 
and pausing during contraction brought about by a single weak stimulus to the 
peripheral end of the severed $1 ventral root—upper trace is strain gauge record 
of tension developed at the tendo Achillis; (ii) resting discharge of the same unit 
with similar slight tension on the tendon; (iii) the same unit a few minutes after 
intravenous injection of 200 ug of decamethonium bromide, muscle length un- 
changed; alterations in spike size due to slight movement of micro-electrode tip. 
B, records similar to those of A (i), from another unit showing tendon organ 
characteristics: (i) at moderate initial tension; (ii) after increasing tension on the 
tendon to the point of evoking discharge of the unit. Time marker, 100 msec. 


DISCUSSION 


The origin, destination and physiological role of all the elements con- 
tributing to the responses recorded from the dorsolateral funiculus at 
present remains speculative. However, there can be little doubt that at 
least a major fraction of the neurones responding to impulses of muscle 
receptor origin belong to the classical dorsal spinocerebellar or dorsolateral 
tract of Flechsig, with cell bodies in the column of Clarke and end-stations 
in the cerebellum. Indeed, unit responses in the region of Clarke’s column 
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to antidromic and orthodromic stimulation have been recorded in a few 
experiments of the present series, and recently by Curtis, Eccles & Lund- 
berg (1958), which confirm this view, though the great susceptibility to 
injury of the cells in this nucleus makes systematic study very difficult. 
The significance of the neurones connected to afferent fibres of cutaneous 





Fig. 13. Responses of units in the dorsolateral funiculus to cutaneous nerve or 
skin receptor stimulation. A (i)-—(iv), a series of responses of a unit to stimuli of 
increasing strength applied to the intact peroneal cutaneous nerve; stimulus in (iv) 
strong enough to engage some Group III fibres. Time marker, msec. B, discharge 
of the same unit to light touch in the centre of its receptive field (skin in front of 
ankle joint); arrow in upper record signals onset of stimulation; in lower record, 
arrow shows cessation of stimulus some seconds later. Time marker, 10 msec. 
C, another unit, showing spontaneous discharge in the absence of stimulation 
(upper record); arrow in lower record shows onset of tactile stimulus to receptive 
field as in B. Time marker, 100 msec. D, another unit showing some spontaneous 
discharge, and responding to pressure on the lateral surface of the 4th digit 
with a well-maintained discharge (upper record); arrow in the lower record signals 
the onset of tactile stimulation of the plantar cushion, which inhibited the unit’s 
firing. Time marker, 100 msec. 


origin is, however, not yet apparent. The large measure of independence 
of tract neurones fired by muscle and cutaneous receptors respectively 
suggests that each belongs to a separate functional system, and this view 
is reinforced by our failure to record from the region of Clarke’s column 
any of the long repetitive trains of impulses characteristic of skin-controlled 
units, even with maximal stimulation of dorsal roots. However, such 
firing patterns are encountered in the grey matter of segments between the 
level of afferent volley entry and the caudal end of Clarke’s column. Thus 
21-2 
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there is good reason to suppose that many of the tract neurones linked to 
cutaneous afferent fibres do not belong to the dorsal spinocerebellar system. 
Whether they pertain to the spino-olivary tract described by Grundfest & 
Carter (1954), the fast lateral-column system with eventual projection to 
the cerebral cortex (Morin, 1955; Mark & Steiner, 1958), or are simply 
long propriospinal neurones cannot at present be decided with certainty. 
Lundberg & Oscarsson (1959) have recently reported that some dorso- 
lateral tract fibres linked to cutaneous afferents have their cell bodies 
below the level of Clarke’s column and do not project to the cerebellum, 
but according to these authors other skin-controlled fibres do belong to 
the dorsal spinocerebellar system. At any rate, there appears to be 
agreement that fibres with a diversity of function course rostrally in the 
anatomical field of Flechsig’s tract. 

Despite the probable functional non-homogeneity of the various 
neurones contributing to the responses we have studied in the dorso- 
lateral funiculus, certain similarities in their behaviour to synaptic activa- 
tion stand out in comparison with the more extensively studied synaptic 
responses of motoneurones. Outstanding amongst the properties common 
to these afferent synapses is the small amount of summation required to 
discharge the post-synaptic neurones as compared with motoneurones, as 
shown by the input—output relationship at low levels of input. Another 
difference (doubtless related to the last) between the synapses of moto- 
neurones and those of the tract neurones is the much smaller subliminal 
fringe detectable in the latter with maximal presynaptic volleys, a difference 
revealed by comparing the curves of post-tetanic potentiation (Fig. 7). 
The remarkable resistance of the afferent synapses to anaesthetic agents 
may be cited as a third characteristic contrasting with the much greater 
susceptibility of motoneurone synapses, and the capacity of post-synaptic 
tract neurones to continue responding during relatively high-frequency 
repetitive presynaptic stimulation constitutes a fourth distinctive property 
not apparent in the responses of motoneurones. 

Although the various tract neurones we have studied are linked with 
primary afferent fibres by synapses which are similarly powerful according 
to the above criteria, nevertheless some differences appear to exist between 
the junctions made by afferent fibres of muscular and those of cutaneous 
origin. The apparently steeper rise and plateau of input-output curves 
for cutaneous nerve volleys as compared with the approximately linear 
relation for muscle afferent input suggests an even closer and more powerful 
linkage of the former with the appropriate tract neurones. Though other 
factors are doubtless involved in the genesis of this difference, a similar 
conclusion is indicated by the very small amount of post-tetanic potentia- 
tion detectable in the tract response to a maximal cutaneous nerve volley, 
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and by the prominence of repetitive discharge in the post-synaptic 
unit responses engendered by such afferent input. It appears likely that , 
convergence of cutaneous afferent fibres upon common post-synaptic 
neurones is much more extensive than in the case of muscle afferent fibres, 
at least of those in the Group I range. An outstanding impression of our 
experience with tract unit responses elicited by stimulation of muscle 
nerves or stretch receptors is the infrequency with which such units can 
be fired from muscle afferents outside those belonging to a synergic pair 
or group. It seems likely that such muscles or synergic groups on the whole 
enjoy a fairly discrete representation in the tract, so that the projection 
system can convey to higher levels topographically organized information 
concerning the moment-to-moment patterns of posture or movement in 
the limb. In view of the remarkable giant synaptic contacts described by 
Szentagothai & Albert (1955) between primary afferent fibres and Clarke’s 
column cells, which presumably are the actual junctions yielding the tract 
discharges evoked by Group I afferent input, it would be of great interest 
to know the morphological characteristics of the junctions between 
cutaneous afferent fibres and the tract neurones which they activate so 
powerfully. 

Mechanism of repetitive firing. It is of interest to examine possible ways 
in which the rapid repetitive discharge of dorsolateral tract neurones may 
be brought about. It has already been pointed out that these repetitively 
firing cells have in all cases responsed with a single impulse when activated 
antidromically (Fig.8B8), or by just supra-threshold synaptic drive 
(Fig. 10A). These findings not only help to exclude injury as a factor in 
the genesis of multiple firing, but demonstrate conclusively that the 
mechanism responsible is not inherent in the post-synaptic cells themselves 
nor dependent upon self re-excitation by neurone chains driven by 
recurrent collaterals (Bishop, Jeremy & McLeod, 1953). In short, the 
observations demonstrate that the mechanisms responsible for repetitive 
firing are presynaptically located. Similar conclusions have been reached 
for repetitively-firing spinal internuncials by Hunt & Kuno (1959) and 
by Wall (1959). However, it is not easy to decide just what presynaptic 
machinery is responsible, for several factors could operate to prolong 
synaptic action. Simple dispersion of presynaptic impulses through 
differences in conduction velocity could lead to a relatively prolonged 
bombardment of second-order neurones, even with single-shock stimula- 
tion, and this almost certainly contributes to prolongation of action, 
especially with a volley set up in Group II or III fibres at some distance 
from the cord. However, with stimulation of dorsal roots near the cord 
this dispersion would be very much less, yet repetitive firing is very 
striking with afferent volleys set up in this way. Furthermore, we have 
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found that repetitive firing can be evoked by stimulation of primary 
afferent fibres in the dorsal column, and it does not seem possible to find 
a locus for such stimulation at which the repetitive firing is effectively 
reduced, though for a given tract unit such stimulation should, when 
near the site of synaptic relay, achieve minimal presynaptic dispersion. 
Thus, while admitting that simple dispersion may play a part in prolonging 
presynaptic action, especially when the afferent volley is set up in nerves 
of the limb, it does not seem possible to explain it fully in this way. The 
‘dorsal column relay’ of Hursh (1940) is another possible mechanism 
which could prolong presynaptic action at these afferent synapses; how- 
ever, with the spinal cord at 38-39° C Hursh’s phenomenon is greatly 
reduced, yet repetitive firing is just as prominent as it is at lower cord 
temperatures. . 

The most likely possibilities are either repetitive presynaptic bombard- 
ment through delay-paths provided by presynaptic systems of inter- 
nuncial chains (Lorente de N6, 1938) or prolonged transmitter action by 
impulses in individual presynaptic terminals. The latter hypothesis could 
involve a prolongation of electrical action in the ultimate presynaptic 
ramifications (Lloyd & McIntyre, 1949), with consequent maintenance 
of transmitter action for considerably longer than the duration of an 
impulse in the parent axon, presumably by sustained delivery of a chemical 
agent; or the enduring transmitter action could be the result of glial or 
other juxta-synaptic barriers maintaining effective concentrations of 
chemical transmitter agent after its initial release over a relatively short 
time course. Evidence to hand does not permit proof or refutation of 
either of these suggestions, nor of the occurrence of repetitive bombard- 
ment via internuncial chains. However, the similar and very striking 
repetitive firing of Renshaw cells (Renshaw, 1946; Eccles, Fatt & Koketsu, 
1954; McIntyre et al. 1956) in response to single antidromic volleys in 
motoneurones, a situation in which it seems unlikely that impulse- 
circulation in internuncial chains could play a part, inclines us to favour 
the view that prolonged transmitter action is an important part of the 
mechanism leading to multiple firing at afferent synapses. This hypothesis, 
and the postulate of repetitive bombardment through internuncial action, 
are by no means mutually exclusive ; indeed, there is good reason to suppose 
that the latter mechanism, together with dispersion of primary afferent 
impulses (especially when conduction distance is long) also play a part in 
prolonging the synaptic drive. Hunt & Kuno (1959), for example, present 
evidence favouring the occurrence of a prolonged barrage of impulses 
upon repetitively-firing internuncials, which in many respects behave like 
the afferent neurones studied in this investigation. It seems likely to us 
that the later spikes of our repetitive trains may depend largely upon the 
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delayed arrival of presynaptic impulses, but that the initial burst of high- 
frequency post-synaptic discharge is more probably brought about mainly 
by prolonged intense transmitter action initiated by relatively synchronous 
impulses in many converging afferent terminals. Interjection of a directly- 
evoked (Wail, 1959; Hunt & Kuno, 1959), or an antidromic impulse into 
a synaptically-elicited train does not lead to ‘resetting’ of the rhythm, 
and this has been cited as evidence supporting the internuncial chain 
hypothesis (Wall, 1959). However, in the case of the repetitive trains 
studied by us, failure of an antidromic impulse to upset the spike rhythm 
only demonstrates the presynaptic locus, but not the nature, of the driving 
mechanism. Antidromic stimulation of our tract neurones, such as the 
one giving the responses of Fig. 8B, does not reset the rhythm, but firing 
rate is so high that the temporal sequence of impulses in the early part 
of the train is determined solely by recovery from refractoriness. 

It is of interest that we have been able to elicit similar trains of impulses 
in tract neurones by direct stimulation with square-wave current pulses; 
in other words, these neurones show very little accommodation. The 
observation is consistent with the view that prolonged depolarization of 
post-synaptic cells by the sustained transmitter action postulated above 
could be the immediate agent for generating repetitive discharge, much 
in the manner shown for crustacean stretch receptor neurones by Eyza- 
guirre & Kuffler (1955). Apart from the presynaptic mechanisms, the 
ability to discharge at high frequencies shown by central neurones such 
as the one yielding the responses in Fig.13 A, B, or the internuncials studied 
by Haapanen, Kolmodin & Skoglund (1958), Wall (1959) and Hunt & 
Kuno (1959), provides another striking contrast with motoneurones, which 
seldom if ever respond in this way. The difference is probably due to the 
presence of a prolonged phase of subnormality in the latter which greatly 
limits their capacity to fire repetitively at high rates. This post-activation 
subnormality is associated with a well developed after-hyperpolarization, 
which is absent from internuncials (Hunt & Kuno, 1959), and probably 
from fusimotor neurones (Hunt & Paintal, 1958) which latter also tend to 
fire repetitively. One interpretation of the difference could be that 
repetitively-firing neurones do not exhibit post-activation hyperpolariza- 
tion and associated subnormality because the impulses, initiated in or 
near the initial portion of the axon, do not invade the dendritic processes, 
the most likely site of the prolonged recovery processes in motoneurones 
which are so invaded (Lloyd, 1951). 

The physiological significance of repetitive firing by neurones of the 
dorsolateral funiculus remains at present a matter for speculation. 
However, its common occurrence in second or third-order neurones of 
other afferent systems (e.g. Amassian, 1953; Bishop et al. 1953; Rose & 
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Mountcastle, 1954), and in spinal internuncials, cortical and reticular 
neurones (Amassian, 1953; Amassian & de Vito, 1954; Hunt & Kuno, 1959) 
suggests that the phenomenon may be of considerable importance in 
central nervous function, for example, through temporal expansion and 
hence intensification of post-synaptic action, or by synaptic transformation 
of spatial into temporal patterns of signals. The occurrence of repetitive 
action at so many central synapses, and the contrasting behaviour of 
motoneurones, suggest that the latter may represent an exceptional case, 
in keeping with the unique function of final-common-pathway cells. 


SUMMARY 


1. Responses of neurones projecting rostrally in the field of Flechsig’s 
tract have been set up by stimulating primary afferent fibres or receptors 
pertaining to the ipsilateral hind limb, and recorded singly or en masse. 

2. In the whole-tract response to dorsal root stimulation the initial 
spike-like component is monosynaptically evoked by impulses in Group I 
and low-threshold Group II fibres, and the after-discharge results largely 
from action in the smaller myelinated afferent fibres, especially those of 
cutaneous nerves. 

3. Input—output curves demonstrate that the synaptic linkages be- 
tween tract neurones and afferent fibres both of skin and muscle origin 
are powerful, little or no summation being required to secure post-synaptic 
discharge. Little post-tetanic potentiation is evident at these junctions, and 
transmission is well maintained during repetitive presynaptic stimulation. 

4. Unit recording shows that a large proportion of tract neurones fire 
more than once in response to a single afferent volley, those fired by 
cutaneous impulses yielding the longest repetitive trains. Correspondence 
between an actual whole-tract response and a synthetic tract discharge 
constructed from unit firing patterns indicates that this repetitive firing 
accounts for the after-discharge. 

5. Most of the tract neurones responding to cutaneous nerve volleys 
or stimulation of skin receptors are distinct from those fired by muscle 
afferent volleys; of the latter units, most are linked with muscle spindles 
but some with tendon organs. Synergic muscle groups appear to be fairly 
discretely represented in the tract. 

6. In addition to the powerful excitatory synaptic effects, inhibitory 
actions also take place at the junctional mechanisms serving neurones of 
the dorsolateral tract. 

7. The mechanism and significance of the repetitive firing phenomenon 
are discussed. 

Generous assistance from the Medical Research Council of New Zealand is gratefully 
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FUNCTIONAL ORGANIZATION IN NUCLEUS GRACILIS 
OF THE CAT 
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The dorsal column nuclei (nucleus cuneatus and nucleus gracilis), 
receiving many primary afferent fibres from the dorsal columns and sending 
many secondary fibres into the medial lemniscus, might be expected to be 
interesting in that they could contribute to the central analysis of sensory 
information. These nuclei appear to have a high factor of safety in trans- 
mission, as judged by the work of Therman (1941), who studied their 
function as ‘relays’. More recently, it has been suggested that they con- 
tain paths that are not purely monosynaptic and that their organization 
is therefore more complex than that of simple relays; and limited spatial 
facilitation and inhibition of single neurones have been described (Amassian 
& de Vito, 1957). 

We have approached this problem from the point of view of the way or 
ways in which impulses set up by combinations of tactile stimuli are handled 
by these nuclei, bearing in mind that such phenomena as mutual spatial 
inhibition have been seen in other primary sensory nuclei—in the visual 
and auditory pathways, for instance—and are likely to be relevant in 
sensory discrimination. We have therefore been concerned particularly 
with the cutaneous receptive areas of the cells and with spatial interactions, 
whether facilitatory or inhibitory, upon these cells. We have largely con- 
fined ourselves to those cells in nucleus gracilis which responded to tactile 
stimulation of the hind foot. A preliminary communication on this subject 
has already been made (Gordon & Paine, 1959). 


METHODS 


Preparation and fixation of animals. Cats were used for all the experiments. The great 
majority were anaesthetized with sodium pentobarbitone, the initial dose given intra- 
peritoneally (38 mg/kg) and subsequent small doses of about 10 mg given by intravenous 
cannula. Anaesthesia was maintained at a level sufficient to prevent any spontaneous 
movement of the animal or movement in response to stimulation. A few animals were 
decerebrated under ether by blunt section at intercollicular level; and at some stage after 
recovery from the anaesthetic it was always necessary to prevent movement in these 
animals, e.g. by giving 1 mg doses of decamethonium iodide intravenously, respiration 
being maintained with a pump. 
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Access to the dorsal-column nuclei was obtained by removing the arch of the atlas 
vertebra and the upper half of that of the axis and some of the skull overlying the posterior 
part of the cerebellum. It was also necessary to remove that part of the cerebellum 
which overlies the upper part of nucleus gracilis (Pl. 1). This was done by suction, and 
bleeding was controlled with gelatin sponge. 

In about half the experiments cutaneous nerves in the hind limb were prepared for 
electrical stimulation and recording. Two nerve branches were used in each of these experi- 
ments, usually branches of the saphenous nerve or of the medial plantar nerve. No more 
of each nerve was dissected than was required for the application of the electrodes. The 
nerves were afterwards protected by immersion in light liquid paraffin at 37—39° C. 

The head was clamped in an animal-holding frame, which has been described previously 
(Gaze & Gordon, 1954), with the internal auditory meatus and the hard palate as fixation 
points. The neck was held as rigidly as possible by a clamp applied to the sides of one of 
the lower cervical vertebrae. 

In experiments involving electrical stimulation of the saphenous nerve, the hind limb 
was held by clamps applied to the knee and ankle. When plantar nerves were used, a drill 
driven through the caleaneum was clamped to a Perspex plate to which the skin edges were 
also tied. 

The animal was kept warm by a 150 W infra-red heating lamp. 

Recording from nucleus gracilis. Micropipettes, filled with 3 mM-KCl, and with a resistance 
at 50 c/s of 1-5-5 MQ, were used for recording from single neural units. The micropipette 
was connected to one grid of a DC push-pull cathode-follower mounted on the manipulator 
of the animal stand. A silver indifferent electrode was placed in the neck muscles and con- 
nected to the other grid of the input circuit, which was earthed. Output signals from the 
cathode-follower were amplified and displayed on an oscilloscope, low frequencies being 
attenuated by RC coupling. The over-all frequency band width (to 3 db. down) was 80 e/s 
to 10 ke/s, with a 5 MQ electrode. 

Vertical movement of the micropipette was controlled by an oil-filled micromanipulator, 
and insertion was observed under a binocular microscope. The toughness of the pia-arachnoid, 
particularly over the lower part of nucleus gracilis, often made it necessary to tear away 
small parts of this membrane with watchmakers’ forceps in order to allow the electrode 
to penetrate without breakage or indentation. The area of brain and spinal cord exposed 
had the appearance shown in Pl. 1. The shallow groove seen on either side of the mid line 
was shown by repeated exploration to correspond to the lateral border of nucleus gracilis 
in its upper part and of funiculus gracilis more caudally. Above the obex the nucleus bends 
laterally and continues for some 2-3 mm along the caudal and dorsal lip of the fourth 
ventricle. The surface of this nucleus is covered by blood vessels of very variable distribution, 
many of them large; and it should be emphasized that the pattern of vessels in any particular 
animal largely determined which parts of the nucleus were available for exploration (see 
Pl. 1). 

By far the greatest difficulty in these experiments was caused by vascular and respiratory 
pulsation in the spinal cord, which often made it impossible to obtain stable records from 
single cells. No reliable method was found for overcoming this pulsation, but matters were 
always improved by introducing the electrode through an opening in a shaped Perspex 
plate pressing lightly on the surface of the cord; and this method was used in about a third 
of the experiments. In a few particularly difficult cases an increase in the depth of anaes- 
thesia was used as a last resort. 

Orthodromic stimulation. In experiments involving the stimulation of cutaneous nerves 
a pair of silver hooks (2 mm separation) was placed on each nerve branch. Each pair was 
coupled by a 1:1 isolating transformer to the output of a square-pulse stimulator (Kay, 
Phillips & Teal, 1958). The pulses used were of 60 ysec duration. A pair of recording 
electrodes placed proximally, either on the parent nerve or on each of the branches, acted 
as a check on the effectiveness of the stimuli and of the absence of repetitive responses. 
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In other experiments the skin was stimulated by means of electro-mechanical transducers 
(‘Advance’ V1 moving-coil Vibration Generator). Each of these was driven by a separate 
power amplifier, triggered by square pulses of 4 msec duration from the stimulators mentioned 
above, and they were entirely independent in their action. The maximum excursion was 
about 2 mm, and the driving power was sufficient to keep the excursion the same irrespective 
of any load likely to be applied in skin stimulation. The wave form so produced was complex, 
containing two substantial waves each of 10 msec duration, the first larger than the second 
in the ratio of 3:1, and separated in time by 23 msec. Although not entirely satisfactory, 
this system will give only one effective stimulus for each electrical pulse when operated near 
threshold. Insulated rods attached to these transducers were applied to the skin surface 
or to cutaneous hairs. 

Antidromic stimulation. A few preliminary attempts were made to activate cells in nucleus 
gracilis antidromically by applying stimuli to the region of the medial lemniscus at the 
caudal end of the thalamus. A manipulator aligned on Horsley—Clarke co-ordinates was 
used to drive a recording electrode (a steel needle insulated up to its tip) into the appropriate 
region. This electrode was finally fixed in a position from which the most satisfactory response 
to cutaneous stimulation of the hind limb was obtained. In frontal plane 5 this usually lay 
5-6 mm lateral to the mid line. A pair of stimulating electrodes (steel needles insulated up 
to 1 mm from the tip) was then placed in position, one each side of the recording electrode, 
by sliding them into pre-set guides. The final position of the stimulating electrodes was such 
that they were about 1-5-2 mm apart with their tips about 0-5 mm deeper than that of the 
recording electrode. The guides were arranged so that the medial stimulating electrode 
(cathode) was slightly posterior and the lateral electrode (anode) correspondingly anterior 
to the recording electrode. The positions of the electrodes were afterwards determined 
histologically, by the method previously described (Gaze & Gordon, 1954). 

Measurement and notation. In defining the position of any response in the rostro-caudal 
dimension of nucleus gracilis, the rostral end of the nucleus is taken as zero and the position 
given in mm caudal to this (Pl. 1). On this scale the obex position is about 2-2 mm, and is 
the point of reference from which many such positions were determined during experiments. 
In making these measurements no account was taken of the lateral curvature of the upper 
part of the nucleus. This curvature is exaggerated in Pl. 1 by the camera: the upper part 
usually makes an angle of 35-40° with the mid line. 

The sizes of cutaneous receptive fields for single cells in nucleus gracilis are expressed 
here in cm*. Such figures are approximate, and are based on a simple system of anatomical 
classification used during the actual experiments. 


RESULTS 
Nature of responses 


Neural units responding to light mechanical stimulation of skin or hairs 
greatly outnumbered other types of unit in nucleus gracilis, those re- 
sponding to stimulation of deep tissues such as joints forming some 10% 
of the units observed. The cutaneous units formed a fairly homogeneous 
group, in the sense that many of them were spontaneously active, that 
they responded repetitively to single stimuli applied to nerves or to 
mechanical stimuli applied to the skin, and that these responses, recorded 
extracellularly, were made up of spikes which were either almost purely 
negative or negative with a preceding positive phase. The recorded size of 
the spikes lay between 0-2 and 2mV. Prolonged high-frequency injury 
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discharges were regularly found, and were associated with lack of further 
responses from the unit in question. Responses showing these features 
are typical of cellular regions; we consider that they were likely to have 
been recorded from cells rather than fibres, and we propose to refer to the 
responding units as cells in the course of this paper. Exploration of the 
dorsal column at C4-C5, a region known to be cell-free, gave a very 
contrasting picture, in which spontaneous activity was absent, extra- 
cellularly recorded spikes very small (0-2—0-3 mV max.) and predominantly 
positive, and injury discharges either very brief or absent. 

The number of responding cells was not uniform throughout the longi- 
tudinal axis of the nucleus, responses of ‘ cellular’ type becoming increasingly 
scarce towards the caudal part (caudal to 10, in the scale in Pl. 1). This 
agrees with the decrease of cell density seen in histological sections, where 
scattered cells are observed down to the second cervical segment. In the 
upper part of the nucleus responding cells were again scarce, though this 
seemed likely to depend in part on factors other than cell density. These 
factors, which may include the amount of anaesthetic given and the 
adequacy of blood supply, were not very carefully investigated ; but it was 
quite a common experience to find that the activity in the nucleus, in its 
upper part particularly, deteriorated after the experiment had gone on for 
some hours. It was also found that whereas most cells responded precisely 
and repeatably to skin stimulation after the manner of cutaneous nerve 
fibres, some cells in the upper part responded less consistently to such 
stimulation, particularly to stimuli repeated at short intervals. 

Anatomical evidence has established an orderly segmental arrangement 
in the transverse axis of the dorsal column and dorsal-column nuclei, 
with the most caudal segments projecting dorsomedially (see Glees, 
Livingston & Soler, 1951). We have not precisely investigated this question, 
but our observations are completely consistent with previous work. It is 
also consistent with the above evidence that responses from increasingly 
proximal segments were often recorded with increasing depth of penetra- 
tion. We have always recorded the depth from the surface at which each 
response was obtained, though such measurements were of variable 
accuracy according to the presence and amount of any indentation of the 
pia by the electrode. In cases where no indentation occurred we have 
satisfied ourselves that all cutaneous responses from the hind limb were 
recorded at depths well within the anatomical confines of the nucleus. 


Receptive areas 


The receptive areas of cells responding to tactile stimulation of the hind 
foot below the ankle were found to vary very widely, by a factor of 1000 
or more. The smallest receptive area was less than 0-5 cm? on a pad or area 
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of hairy skin, and the largest consistently found included the whole of the 
ipsilateral hind limb and the lower half of the ipsilateral trunk. One cell 
was found whose receptive area included the skin of the whole body and 
all four limbs, but not the face. This cell was situated very near the surface 
within 1 mm of the rostral end of the nucleus; and it was found that ceils 
with very large receptive areas tended to be concentrated in this region. 
For example, the receptive areas of 34 % of cells in the most rostral 4 mm 
of the nucleus extended beyond the foot on to the leg, and of 16 % on to 
the trunk (115 cells in all). It should be pointed out that these large 
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5 10 

mm in rostro-caudal axis 
Text-fig. 1. Mean cutaneous receptive areas (A) of single cells responding to 
stimulation of the hind foot, plotted in relation to positions in the rostro-caudal 
axis of nucleus gracilis from which their responses were recorded. Measurements 
of A were approximate: they are shown on a logarithmic ordinate scale, with the 
S.E. in log A indicated by vertical bars. Horizontal bars represent length of 
section of nucleus yielding the responses from which each mean figure was calcu- 
lated. Means derived from the numbers of units shown. 





receptive areas are far greater than those of cutaneous nerve fibres from 
the foot, even of the ‘wide-receptive’ fibres described by Maruhashi, 
Mizuguchi & Tasaki (1952). The cells with the most restricted areas tended 
to be concentrated in a region 5-7 mm caudal to the rostral end, where 
35% of receptive areas were confined to 1 cm? or less on the hind foot, 
and only 4% extended outside the foot (104 cells in all). This relation of 
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receptive area to position of the cell in the rostro-caudal axis of the nucleus 
is expressed graphically in Text-fig. 1. (Our original data on this point 
(Gordon & Paine, 1959) have been expanded here by including further 
cells investigated with Mr W. A. Seed, to whom we express our indebted- 
ness.) It will be seen that in the caudal part of the nucleus the areas were 
again somewhat larger, although never comparable with the largest seen 
at the rostral end. 

These changes in receptive area with rostro-caudal position were not 
peculiar to those cells with distal receptive areas including the hind foot. 
In a population of thirty cells whose receptive areas were centred in the 
leg or thigh and did not include the foot, sampled fairly uniformly through- 
out the upper 12 mm of the nucleus, the same relationship was found to 
apply. The mean figures for receptive areas were all somewhat greater 
than for cells whose receptive areas included the hind foot. 

In one experiment in which responses of normal type were recorded from 
nucleus gracilis, five electrode tracks, widely spaced in the rostro-caudal 
axis, were made in nucleus cuneatus. The results, although too few in 
number to lead by themselves to a valid conclusion, were entirely con- 
sistent with what has been said above about the receptive areas in nucleus 
gracilis; and it may therefore be suggested that nucleus cuneatus has a 
similar organization in this respect. 


Spatial interaction 


Spatial interaction of two afferent paths on single cells of nucleus gracilis 
was studied by using pairs of stimuli applied either as electrical stimuli 
to different cutaneous nerve branches, or as mechanical stimuli to different 
areas of skin. The use of electrical stimuli to nerve branches had the ad- 
vantages of providing better controlled stimuli, precise timing of the 
stimulus and complete freedom from physical interaction between stimuli 
as a possible source of error. One disadvantage of electrical stimulation 
is that one is limited to an examination of cells whose receptive areas lie 
within the distribution of the particular branches chosen for dissection, 
and that the number of observations is therefore likely to be small. Another 
important fact about this method is that the receptive area of any par- 
ticular cell is very unlikely to lie entirely within the peripheral distribution 
of one of the selected branches and not at all within that of the other, 
unless the branches are remote enough from each other to minimize the 
overlap in their skin fields. It follows that this may provide a satisfactory 
method of examining spatial facilitation within a receptive field and its 
immediate surroundings. But if it is the case that a cell is inhibited by 
stimuli applied just outside its receptive area, then it is always likely that 
a stimulus applied to either nerve branch will produce a mixture of 
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facilitation and inhibition whose exact proportions depend on the actual 
position of the receptive area within the joint distribution of the two 
branches. This difficulty can be largely overcome by the use of mechanical 
stimuli applied in known relation to the cutaneous receptive area; and 
this second method has in fact proved to be more useful in examining 
inhibitory interaction. Most of the observations described in this section 
were made on anaesthetized animals; but the experiments involving 
stimulation of nerve branches were repeated on decerebrate animals, 
with substantially the same results. 

Spatial facilitation. Spatial facilitation was observed in the great majority 
of cases where the stimuli were applied to two nerve branches each con- 
tributing to the receptive area. In a group of 41 cells showing this effect 
and sampled fairly uniformly throughout the length of the nucleus, the 
receptive areas, all lying wholly or partially on the hind foot, ranged from 
1 to 500cm*. Facilitation was also seen on two occasions where the re- 
ceptive area was confined to the distribution of one branch, and the cell 
did not respond to stimulation of the other branch alone: the receptive 
areas of these two cells were each about 20 cm?. The time course of facilita- 
tion was not investigated: usually a stimulus just above threshold was 
applied to each nerve branch in turn, and then the same stimuli were 
applied synchronously to both. Facilitation was recognized by an increase 
in the probablity of a response occurring, by shortening of latency, by 
an increase in the number of spikes fired in response to each stimulus or by 
a combination of these effects (see Text-fig. 2). It was clear that in almost 
all cells latency of response shortened with increasing spatial facilitation, 
and often to a very marked degree. It will be seen from Text-fig. 2, for 
instance, that the latencies for stimulation of each branch alone at threshold 
were 23 and 30 msec, whereas the latency with both stimuli together was 
15 msec. Shortening of latency of a similar order was frequently seen when 
a stimulus to one nerve branch was increased from threshold to maximal; 
and as there was no repetitive response in the nerve, it is clear that this 
effect also depended on spatial facilitation—that is, on an increase in the 
number of active fibres. In such cases we have found the latency to shorten 
by 5-15 msec (35-100 % of the minimal latency). We have no evidence 
that this shortening of latency ever depended on the excitation of the 
5 fibre group in the nerve branch and on most occasions the record from 
the nerve itself proximal to the stimulating electrodes was satisfactory 
enough to show that no such excitation had occurred, even with stimuli 
maximal for the cells in question. Changes in latency of this order in a 
primary nucleus call for some further comment (see Discussion). 

Mixed facilitatory and inhibitory effects on a single cell have been found 
on a number of occasions when a nerve was stimulated electrically. In 
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one clear instance weak single shocks given to a nerve branch supplying 
the receptive area (the centre pad of the foot) and its surroundings caused 
excitation, whereas strong shocks produced no response. Such effects are 
to be expected from the argument given earlier in this section. 

Spatial inhibition. In the course of experiments in which pairs of nerve 
branches were stimulated electrically, there were a number of instances 
in which a cell was fired by a test stimulus applied to cne nerve and in 
which this response was reduced or abolished by a preceding conditioning 
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Text-fig. 2. Responses of a cell in nucleus gracilis (7~8 mm on A-P. scale) to 
threshold electrical stimulation of two branches of the medial plantar nerve ; sodium 
pentobarbitone anaesthesia. Each branch contributed to its skin receptive area 
(shaded in diagram, light touch), and spatial facilitation occurred when the two 
were synchronously stimulated. Each vertical column shows 10 successive sweeps at 
1/sec. The electrodes R were used for monitoring the nerve action potential. 
(a) S, alone; response in 5/10 sweeps; mean latency 30 msec. (6b) S, alone; 
response in 9/10 sweeps; mean latency 23 msec. (c) S, and S, synchronously; 
response in 10/10 sweeps; mean latency 15 msec. 


stimulus to the other nerve (Text-fig. 3). Reduction of response in such 
cases was shown by a fall in the probability of a response, a smaller number 
of spikes, a lengthening of latency of response, or by combinations of these 
effects. The inherent limitations of this particular technique made it 
impossible to determine the form or distribution of skin stimulus necessary 
to elicit these inhibitory effects. No satisfactory series of observations was 
made on the time course of the inhibitory process, because recording 
conditions in these experiments were rarely stable enough to allow pro- 
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longed observation; but it was always our practice to determine roughly 
the interval by which the conditioning stimulus should precede the test 
stimulus to produce the greatest inhibition. With 10 such cells, with re- 
ceptive areas in the lower leg or foot, this optimal interval varied between 
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Text-fig. 3. Responses of a cell in nucleus gracilis (6-7 mm on A—P scale) to threshold 
stimulation of a branch of the medial plantar nerve, showing inhibition by a 
conditioning stimulus applied to a branch of the lateral plantar nerve; sodium 
pentobarbitone anaesthesia. Its spontaneous discharge could be inhibited by 
light touch of ipsilateral leg, trunk or forelimb. The skin receptive area of this cell 
is shown shaded in the accompanying diagram (light touch). Each vertical 
column shows 10 successive sweeps at 1/sec. R, and R, were used for monitoring 
the nerve action potentials. (a) Test stimulus (S,) only; response in 9/10 sweeps; 
mean latency 13-3 msec. (b) Conditioning stimulus (S,) precedes S, by 3 msec; 
response in 1/10 sweeps; latency 17-0 msec. (c) S, only: a control repetition of (a) 
made immediately after (6); response in 8/10 sweeps; mean latency 13-5 msec. 
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zero and 15 msec, with a mean at 7-4 msec. No inhibitory effect was ever 
observed with the conditioning stimulus delivered later than the test 
stimulus. 

During the above experiments it was quite commonly found that cells 
which were spontaneously active could be inhibited by tactile stimuli 
applied outside their receptive areas, inhibition being seen as a temporary 
abolition of the spontaneous discharge; and it became clear that this 
inhibitory effect was very much more common than the experiments with 
nerve stimuli had suggested. In some cases it was clear that inhibition 
of spontaneous discharge was most effective with tactile stimuli immediately 
surrounding the receptive area and progressively less effective with 
stimuli further away up the leg. In other cases the inhibition could be 
produced with almost equal effectiveness by stimuli in widely separated 
parts of the ipsilateral surface of the body even including the forelimb. 

This effect was investigated further by using pairs of mechanical 
stimulators (see Methods), one placed on the receptive area and the other 
on skin or hairs outside this area. This technique allowed a rough estimate 
to be made of the optimal time interval between conditioning and test 
stimuli, allowed investigation of cells which were not spontaneously active, 
and had certain advantages already mentioned in examining inhibitory 
interaction. Of nine cells satisfactorily investigated in this way, in which 
partial or complete inhibition was demonstrated, the optimal time interval, 
estimated roughly as before, lay between 0-5 and 20-5 msec with a mean 
at 10-4 msec. The conditioning stimulus always preceded the test 
stimulus. An example is shown in Text-fig. 4. 

In six of these cases the test stimulus was applied to hairs only, and in 
the remaining three to a pad. In eight cases the conditioning stimulus 
was applied to a pad 1-2 cm away from the test stimulus, and in one case 
to one of the toes. The test and conditioning stimuli were just above 
threshold for their respective effects, and no stimulus applied to the skin 
was so large as to produce visible movements of any part of the foot. The 
stimulus amplitudes were of the order of 0-1 mm or less. It was hoped 
by spatial separation of the stimuli and by minimizing movement to 
avoid any artifact resulting from movement transmitted from one site of 
stimulation to the other. 

Relation of inhibition to receptive area and to position in nucleus. Altogether 
31 cells were investigated whose receptive areas lay wholly or partially on 
the hind foot, and in which inhibition was demonstrated by one or other 
of the techniques described above. Of these, 16 were found by inhibition 
of spontaneous discharge alone, six by nerve stimulation and nine by the 
use of mechanical stimulators; and some in the two latter groups also 
showed inhibition of spontaneous discharge. This total figure derives largely 
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from experiments particularly designed to investigate inhibition, and should 
not be compared with the total number of cells investigated which can 
be derived from Text-fig. 6(d). 
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Text-fig. 4. Responses of a cell in nucleus gracilis (4:8 mm on A-P scale) to 
threshold mechanical stimuli on its receptive area (shaded in the accompanying 
diagram), showing inhibition of response by conditioning mechanical stimuli 
applied to another pad; sodium pentobarbitone anaesthesia. Each vertical column 
shows 10 successive sweeps at 1/sec; spikes retouched. (a) Test stimulus (S,) 
only. (6) Conditioning stimulus (S,) precedes S, by 20 msec; note abolition of 
response, and also absence of spontaneous activity between 10 and 90 msec after 
S;. (c) S, only; a control repetition of (a) immediately after (6). 
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These cells showing inhibitory effects were distributed in the rostro- 
caudal axis of nucleus gracilis in the way shown in Text-fig. 5. It will be 
seen that the greatest number was found in the fifth millimetre caudal to 
the rostral border of the nucleus, and that they were mainly distributed 
at and caudal to this point. This distribution corresponds reasonably well 
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Text-fig. 5. Histogram showing numbers of cells which were inhibited by stimula- 
tion of skin or cutaneous nerves, related to their position in the rostro-caudal 
axis of nucleus gracilis. Position in 1 mm limits: zero on abscissa represents rostral 
border of nucleus. Receptive area of all cells lay wholly or partially on the hind 
foot. Black areas represent cells in which complete inhibition was observed. 


with the trough in the graph of Text-fig. 1, which represents the region 
of the nucleus containing cells with the smallest receptive areas. This 
suggested relationship is further substantiated by Text-fig. 6(a), which 
shows thesame group of cells related to the size of theirexcitatory cutaneous 
receptive fields. It will be seen here that they were fairly rigidly confined 
to the group of cells with small receptive areas, and that their distribution 
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within this group followed substantially the same pattern as that of the 
total population of cells investigated which had small receptive areas 
(compare Text-fig. 6(a) and (d)). 


Antidromic stimulation 
It seemed to be of great importance to determine the site or sites to 


which the cells in nucleus gracilis project, particularly when it had been 
found that the nucleus was not functionally homogeneous throughout its 
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Text-fig. 6. Histograms relating numbers of cells investigated in nucleus gracilis 
to the sizes of their skin receptive areas. Receptive area indicated on a logarithmic 
scale (lower scale): histogram constructed on limits corresponding to successive 
doubling of receptive area (upper scale). Receptive areas of all cells lay wholly or 
partially on the hind foot. (a) Cells in which inhibition was observed (same cells 
as in Text-fig. 5). (6) Total cells investigated. 


length. Antidromic stimulation of the cells, by applying electrical stimuli 
to expected sites of projection, provides one means of investigating this 
question. In the experiments described below, a preliminary attempt was 
made to determine the proportion of cells in various parts of nucleus 
gracilis which projected directly into the rostral part of the contralateral 
medial lemniscus and therefore into the thalamus. 

The experimental technique has already been described (see Methods). 
Cells fired by stimulation through electrodes placed in the region of the 
medial lemniscus usually gave a single spike response at a latency of 
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These cells showing inhibitory effects were distributed in the rostro- 
caudal axis of nucleus gracilis in the way shown in Text-fig. 5. It will be 
seen that the greatest number was found in the fifth millimetre caudal to 
the rostral border of the nucleus, and that they were mainly distributed 
at and caudal to this point. This distribution corresponds reasonably well 





























15r- 
-— 
* 
é 
10F- 
) 
8 I. 
3 
$ Sp 
2 — 
) 
SF 
r- 
i 0 0 
5 
| | 
5 10 15 i 


mm in rostro-caudal axis 


Text-fig. 5. Histogram showing numbers of cells which were inhibited by stimula- 

tion of skin or cutaneous nerves, related to their position in the rostro-caudal 
axis of nucleus gracilis. Position in 1 mm limits: zero on abscissa represents rostral } 
border of nucleus. Receptive area of all cells lay wholly or partially on the hind : Ie 
foot. Black areas represent cells in which complete inhibition was observed. 


with the trough in the graph of Text-fig. 1, which represents the region 
of the nucleus containing cells with the smallest receptive areas. This | g 
suggested relationship is further substantiated by Text-fig. 6(a), which | 1 
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within this group followed substantially the same pattern as that of the 


total population of cells investigated which had small receptive areas 
(compare Text-fig. 6(a@) and (5)). 


Antidromic stimulation 


It seemed to be of great importance to determine the site or sites to 
which the cells in nucleus gracilis project, particularly when it had been 
found that the nucleus was not functionally homogeneous throughout its 
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Text-fig. 6. Histograms relating numbers of cells investigated in nucleus gracilis 

to the sizes of their skin receptive areas. Receptive area indicated on a logarithmic 

scale (lower scale): histogram constructed on limits corresponding to successive 

| doubling of receptive area (upper scale). Receptive areas of all cells lay wholly or 
partially on the hind foot. (a) Cells in which inhibition was observed (same cells 

| as in Text-fig. 5). (b) Total cells investigated. 
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length. Antidromic stimulation of the cells, by applying electrical stimuli 
to expected sites of projection, provides one means of investigating this 
| question. In the experiments described below, a preliminary attempt was 

made to determine the proportion of cells in various parts of nucleus 
. 4 gracilis which projected directly into the rostral part of the contralateral 
, 4 medial lemniscus and therefore into the thalamus. 
ka The experimental technique has already been described (see Methods). 
L | Cells fired by stimulation through electrodes placed in the region of the 
medial lemniscus usually gave a single spike response at a latency of 
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1-5-2-5 msec, although some latencies were longer. In the group with 
short latencies the threshold and latency for any cell were remarkably 
constant, the latter varying by about 3% or approximately twice the 
measurement error. It was thought likely that the responses in this group 
were due to direct antidromic excitation. As a further test, each cell was 
normally subjected to tetanic stimulation with shocks just above threshold 
at 500/sec; and all the cells showing responses at short latency were found 
to follow this frequency. This was regarded as further evidence for anti- 
dromic excitation. 





























’ 
a a . 7 ah a 
T T , . i a “Tt . © _—. 
— oa iat sf a a 
T ] T T T sie a a. | - + © 
| | | | | a = es 
a '« . FF as i es ee 
F oe | a ae tae we 
ie 2 2 ee ee et ee eae TTT re. os. 8 
@) . Lot 
1 Fy] ; Vr e 
SmV 
+ i a 
oe | . 
sa al l a 
0-1 sec i i . ital i 
} i oe 5 
se ee ee ae a 
rT -aete 
| [a 
1 oW pres 





Text-fig. 7. Records from a cell in nucleus gracilis (3-8 mm on A-P scale), showing 
inhibition of spontaneous activity by single-shock stimuli applied to the region of 
the contralateral medial lemniscus; sodium pentobarbitone anaesthesia. From 
this position shocks of similar size elicited antidromic responses from a number of 
other cells in the nucleus. Skin receptive area of the cell: hairs on 16 cm? of the 
dorsolateral flank. Each vertical column shows a series of successive sweeps at 
1/sec. Spikes retouched. (a) Cell firing spontaneously. (6) Activity conditioned 
by lemniscal stimuli (arrow indicates position of stimulus on sweep); stimulus 
5 V, duration 60 psec, stimulating electrodes 1-5 mm apart. 


Little significance ought to be attached to negative results (i.e. failure 
to excite any particular cell in nucleus gracilis antidromically) in the small 
number of experiments carried out. It was found that the threshold 
voltages for antidromic excitation decreased and the proportion of positive 
results increased as the experimental technique was improved. In the 
two most satisfactory experiments we were satisfied by histological exami- 
nation that the final millimetre (uninsulated) of the stimulating electrodes 
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lay close to the medial edge of the medial geniculate nucleus on their 
lateral side with their tips almost reaching the substantia nigra ventrally, 
so that they should have occupied the position usually ascribed to the 
medial lemniscus at this level (see Ranson & Ingram, 1932). In these 
two experiments 15 cells, or some three-quarters of the cells observed 
which had receptive areas including the hind foot, were fired antidromically. 
The thresholds varied between 0-7 and 13 V, with a mean at 5 V, using a 
60 psec square pulse. The cells in question were distributed fairly uniformly 
over the rostral 6 mm of the nucleus. They included some cells showing 
peripheral inhibitory interaction of the kind described earlier. These 
investigations have since been considerably extended with improved 
techniques, and it has been found that 80-90 % of the cells in the middle 
section of the nucleus can be fired antidromically from the contralateral 
medial lemniscus (Gordon & Seed, 1960). 

It has been mentioned above that some responses to stimulation in the 
region of the caudal thalamus had much longer latencies (6-10 msec); 
and these were not considered to be antidromic responses because their 
threshold and latency were always variable and they sometimes included 
more than one spike. On one occasion the spontaneous discharge of a cell 
in nucleus gracilis was seen to be inhibited by single shocks applied to the 
caudal thalamus region (see Text-fig. 7); the threshold stimulus for this 
effect was 5 V with the electrodes in a position from which true antidromic 
responses of other cells were obtained at comparable thresholds. 


DISCUSSION 


The most striking facts which have emerged from this investigation 
concern the marked functional differentiation shown to exist in the rostro- 
caudal axis of this very elongated nucleus. The fact that many of the cells 
in the rostral 4 mm of the nucleus which responded to tactile stimulation 
of the ipsilateral hind foot had extremely large receptive areas indicates 
a very high degree of central convergence here. Cajal (1909) described a 
pre-terminal branch given off by many fibres of the gracile and cuneate 
funiculi of the mouse after entry into their respective nuclei, and ascending 
into their upper parts; and such a presynaptic collateral system provides 
one conceivable basis for wide convergence of the kind we have inferred, 
though convergence of post-synaptic axons or axon collaterals may also 
occur. Cajal (1896) also mentioned a few pre-terminal branches of fibres 
in funiculus gracilis crossing to the nucleus of the opposite side; and it is 
possible that such fibres, converging with those from the ipsilateral side, 
could be the basis of our otherwise surprising observation of one cell at 
the top of the nucleus whose receptive area extended over both sides of 
the body. Apart from noting the fact that the organization at the rostral 
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end of the nucleus provides a method of dealing with information derived 
from large areas of skin, it is probably not justifiable to speculate about 
its possible significance in central analysis. We have shown that cells of 
this kind project into the region of the medial lemniscus in the caudal 
thalamus; and it is now also known that some of them can be excited anti- 
dromically from the anterior lobe of the cerebellum (Gordon & Seed, 1960). 

The very sharp contrast between the rostral and middle parts of the 
nucleus suggests different types of nuclear organization. The middle part, 
where receptive areas are small and mutual inhibition is common, seems 
well qualified to pass on information related to spatial discrimination; 
and we have shown that cells of this kind project from the middle part of 
the nucleus to the caudal thalamus. Limited inhibitory interaction has 
been observed in nucleus cuneatus of the cat by Amassian & de Vito (1957), 
who found—and this is also our impression—that these effects were 
relatively resistant to barbiturate anaesthesia. It is clear that we have 
found inhibitory effects to be much more common than they did and that 
we have ascribed much more importance to them. This apparent dis- 
crepancy is presumably the result of our finding that inhibitory interaction 
was effectively limited to a quite small part of the nucleus where it was 
very prominent; and we have given some reasons for believing that 
nucleus cuneatus is organized on similar lines to nucleus gracilis. Inhibitory 
interaction has also been observed in cortical cells responding to cutaneous 
stimulation in the cat by Mountcastle (1957), who found such inhibition 
to be rather uncommon in the population of cells he studied, and to be 
very easily abolished by small doses of barbiturate. This difference from 
our results as regards susceptibility to anaesthesia seems to indicate that 
further inhibitory mechanisms of a type highly sensitive to anaesthetic 
must exist in this sensory system. Mutual inhibitory interaction has now 
been observed in a number of sensory systems where its possible significance 
in increasing contrast by emphasizing discontinuities in a stimulus pattern 
has been recognized and evaluated (e.g. Whitfield, 1957; Hartline & 
Ratliff, 1958). 

Our investigation contributes little or no information about the inter- 
relationship of neurones within the nucleus, and the possibility mentioned 
by Amassian & de Vito (1957) that these nuclei might contain true inter- 
nuncial cells. We have always applied the stimuli at too great a distance 
from the nucleus to make any assessment of the delays involved in nuclear 
transmission. Only one of our observations seems to bear on this question, 
and this was the very marked shortening of latency by 5-15 msec which 
was observed in some cases of spatial facilitation. The time scale of effective 
facilitation implied here seems to be considerably longer than would be 
expected from the known properties of monosynaptic systems (see Coombs, 





it 
of 
al 


‘i- 








NUCLEUS GRACILIS OF CAT 347 


Curtis & Eccles, 1956). The possibility also exists that this nucleus might 
contain inhibitory internuncial cells, in accordance with the system 
believed to exist in connexion with spinal motoneurones (Eccles, Fatt & 
Landgren, 1956). We have no evidence bearing on these possibilities; 
though if further evidence were to indicate the existence of a substantial 
group of cells which could not be excited antidromically, the question 
would then become worthy of further examination. The part of the nucleus 
about which we know least is its caudal end, where we have shown the 
receptive areas of the cells to be intermediate in size between those found 
in the upper and middle parts. We do not yet know to what extent these 
cells are accessible to antidromic excitation. 

A further problem is presented by our finding excitatory and inhibitory 
effects upon cells in nucleus gracilis as a result of stimulating the region of 
the medial lemniscus. The excitatory effects were distinguishable from 
antidromic excitation by their long and variable latency and by other 
characteristics already mentioned; and a similar distinction was made by 
Amassian & de Vito (1957). It is impossible to explain such effects with 
the knowledge at our disposal, though two obvious hypotheses present 
themselves. One is that descending pathways to the nucleus were being 
stimulated ; and the other that the effects were due to antidromic excitation 
of axons proceeding from the nucleus and giving rise there to axon col- 
laterals, these collaterals either ending on the cell observed or affecting it 
through internuncials. We are inclined to prefer the second possibility, in 
view of there being other grounds for believing the stimulating electrodes 
te have been in or very near the medial lemniscus ; and Amassian & de Vito 
(1957) also took this view. A tentative hypothesis has been put forward 
elsewhere (Gordon & Seed, 1960), based on acceptance of this idea and 
taking into account further information about the distribution of such 
‘trans-synaptic’ effects in the nucleus. If our interpretation of the effects 
themselves could be substantiated, a method would certainly then exist 
for studying new aspects of the internal nuclear organization. 


SUMMARY 


1. Nucleus gracilis of the cat was investigated with a single-unit 
recording technique, attention being specially directed to those cells 
responding to tactile stimulation of the skin or hairs of the hind foot. 

2. In a population of such cells, the skin receptive areas were found to 
vary by a factor of 1000 or more. It was established that receptive area 
was related to the position of the cell in the rostro-caudal axis of the 
nucleus, those with the largest areas lying most rostral. Six millimetres or 
so caudal to the rostral pole most cells had very small receptive areas. 
More caudally still the cells had intermediate receptive areas. 
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3. Spatial facilitation of many cells was easy to demonstrate by a 
technique involving electrical stimulation of pairs of skin nerves. 

4. Spatial inhibition was frequently found among the cells with small 
receptive areas lying (in the rostro-caudal dimension) in the middle section 
of the nucleus, and was demonstrated by a variety of techniques. It was 
most often produced by electrical or mechanical stimuli applied near the 
receptive area but outside it. More distant stimuli—applied to the fore- 
limb, for instance—were effective with some cells. 

5. It was shown that cells of the kinds described above, and lying in 
the rostral and middle sections of the nucleus, may be fired antidromically 
by electrical stimuli applied to the region of the contralateral medial 
lemniscus in the caudal thalamus. Other cells were fired by these means 
under circumstances suggesting a trans-synaptic path; and one cell was 
inhibited. 

6. It was concluded that nucleus gracilis shows a well marked functional 
differentiation in its longitudinal axis which deserves further investigation. 
Cells in two functionally distinct regions—the rostral and middle sections— 
project to the thalamus. 


We should like to acknowledge much generous help and advice from Dr R. H. Kay. 
We are also indebted to Mr W. A. Seed for the photograph in PI. 1. 
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EXPLANATION OF PLATE 


PLATE 1 


Photograph (left) of the dorsal aspect of a living cat’s medulla and spinal cord at the level 
of the dorsal column nuclei. The caudal part of the cerebellum has been removed, exposing 
the 4th ventricle, which lies out of focus at the top. Nucleus gracilis is shown shaded in the 
accompanying key (on right), and zero on the millimetre scale corresponds to its rostral 
border. O— —O, mid line; @, obex; —--—-, approximate position of caudal border of 
cerebellum before excision. 
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PERCEPTION OF LINEAR MOTION FOLLOWING UNILATERAL 
LABYRINTHECTOMY: VARIATION OF THRESHOLD 
ACCORDING TO THE ORIENTATION 
OF THE HEAD 


By E. G. WALSH 
From the Department of Physiology, University of Edinburgh 


(Received 6 April 1960) 


It has long been believed that the otolith organs are sensitive to gravity, 
to linear acceleration and to vibration, but the division of labour between 
the utricle and saccule has been a matter of dispute. One view is that the 
utricle alone is concerned with the sensitivity to the direction of the gravi- 
tational field and to linear acceleration. The saccule is thus looked upon as 
being solely a vibration receptor. Much of the evidence as it relates to 
lower vertebrates favours this interpretation (Lowenstein, 1936), and there 
is little relevant information for the human being. It was felt that a study 
of the responses of people who had lost the use of the inner ear on one side 
might have a bearing on this problem, for the elimination of two of the four 
otolith organs might simplify the analysis. Apparatus has been developed 
which subjects the person to controlled linear acceleration in the hori- 
zontal plane. Measurements have been made of the sensory threshold, the 
least acceleration that allows the person to determine the direction in 
which he has moved. Attention has been paid to the relationship between 
the orientation of the maculae of the otoliths and the threshold. A pre- 
liminary account of this work has already been published (Walsh, 1959). 


METHODS 


Initial observations made use of a trolley which was pulled along a railway of some 3m 
length under the influence of falling weights or an electric motor. The apparatus finally 
evolved consisted of a stretcher which could be moved by the use of compressed air and 
which was supported from the ceiling by wires 4 m long (Fig. 1). The person lay blindfolded 
on a polyurethane (plastic) mattress. As the weight of the person was taken by the wires 
the static friction to movement was extremely low. To the underneath of the stretcher was 
fixed a jointed frame furnished with ball races. To the frame was attached a ram of 2-5 cm 
bore into which oil was driven from a reservoir by compressed air of up to 60 lb./sq. in. 
pressure (4:2 kg/cm*). The consistency of the oil was such as to damp critically the oscilla- 
tions of the system. By varying the pressure of the air the acceleration of the stretcher could 
be adjusted. The motion was recorded by an electromagnetic pick-up, the coil of which 
moved with the frame whilst the magnet was stationary. The electrical output after amplifi- 
cation was recorded by an ink-writing pen. The deflexion was proportional to the velocity 
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of the stretcher. The system was calibrated by detaching the ram from the frame and 
measuring the deflexions corresponding to known excursions of free oscillation. 

The person was exposed by this technique to a brief (0-4 sec) period of acceleration 
followed by a much more prolonged period of more gradual deceleration. Near threshold the 
acceleration alone was sensed. The frame could be rotated, so that the motion was towards 
the head, towards the feet, or to either side. Threshold was taken as the least acceleration 
which would allow the person reliably to determine the direction in which he was moved. 
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Fig. 1. Pneumatically controlled stretcher. Horizontal movement was initiated by 
connecting the airline through the tap to a reservoir of compressed air. As the 
stretcher moved, so the weight of the body opposed the motion to an ever in- 
creasing degree. The initial acceleration thus changed to a deceleration. The move- 
ment became slower and slower and was imperceptibly arrested. 





Correct responses in each of the four cardinal directions were required. The movements of 
the stretcher were strictly speaking not linear but curvilinear. As the stretcher moved 
horizontally it also rose. This effect was negligibly small and did not involve any rotation, 
the stretcher always remaining parallel with the floor. 

Use was also made of a parallel swing, an apparatus employed by Jongkees & Groen (1946). 
A stretcher was suspended at its four corners by wires 1-6 m long. With care, small trans- 
verse oscillations could be induced so that the person was carried alternately to the right 
and to the left. The movement was silent and free from unwanted vibrations. 


RESULTS 
Sensitivity when moving towards or away from damaged side 


Quix (1925) believed that in the human being the saccule is sensitive to 
movement towards its own side, a situation in which the pressure of the 
membrane on the epithelium is increased. Initial observations making 
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use of the railway failed to support this viewpoint. Nine patients were 
tested, seven sitting, two lying. The thresholds towards and away from 
the side of the lesion were equal for six of the patients ; for two the threshold 
was higher on moving to the side of the lesion; for one higher on moving 
to the normal side. As it was considered important to check these findings 
the problem was approached in another way. It was felt that small 
differences in sensitivity might be more readily detected if the person was 
subjected to rhythmic to-and-fro movement. Close to threshold they 
might be expected to note that movement towards one side was felt more 
strongly than movement in the opposite sense. Use was then made of the 
parallel swing to provide small transverse movements. Eight patients with 
unilateral labyrinthine lesions were investigated in the supine position. 
They reported that the movements were equally clear in both directions. 
Finally, the dat» obtained with the pneumatically controlled stretcher 
may be considered. Six subjects were tested when lying supine on the 
stretcher as to their sensitivity for movements to the right and left. No 
constant differences could be found. 

These various methods thus agree in showing no consistent differences 
in sensitivity on moving towards or away from the side of the lesion when 
the person is lying on his back. The finding was unexpected, in view of the 
report by Jongkees (1950) that in the rabbit the removal of a saccule gives 
rise to insensitivity to movements directed across the head towards the 
damaged side. The scheme put forward by Quix (1925) is clearly untenable 
for the human being if the vestibular apparatus is responsible for the 
responses. It is hoped later to publish control data showing the role of the 
vestibular apparatus in the perception of movements on the parallel swing. 
The importance of the vestibular apparatus for the observations made with 
the pneumatically controlled stretcher is established by the data in the 
following section. 


Variation in threshold with position of the head in space 


In six subjects tested on the pneumatically controlled stretcher a varia- 
tion in sensitivity was found according to the position of the head. When 
the person lay on the side of the lesion the threshold was consistently 
higher than when he lay on the normal side. The results are shown in 
Table 1. Of each pair of figures, that obtained with the person lying on the 
side of the lesion is the higher. The chance of such an occurrence being due 
to the operation of chance alone is 1 in 128. The difference is clearly of 
statistical significance although it varies very considerably in magnitude. 

Five of the people were hospital subjects, the sixth was a 20-year-old 
female medical student (Miss B.) who had been deaf in one ear since infancy. 
Caloric tests on Miss B. revealed a minimal degree of nystagmus with hot 
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re water and no response at all to cold on repeated testing; the responses on 
m the other side were normal. The results of a number of tests on the pneu- 
ld matically controlled stretcher are summarized in Fig. 2. The numbers 
ig correspond to thresholds (cm/sec/sec) at the corresponding position of the 
78 head. Two sets of numbers alongside a figure of the head show that the test 
ill was performed twice in that position and the results indicate the repeata- 
as } bility of the method under favourable circumstances. When the damaged 
y 
ws TABLE 1. Unilateral loss of vestibular function 
e 
1e | Threshold (cm/sec/sec) 
ih | Lying on Lying on side 
1 Sex Age sound side of lesion 
P F 20 L. nerve deafness from {12 {20 

| infancy {10-5 (13 
rr M 41 R. labyrinthectomy 13 14 

i M 51 L. labyrinthectomy 31 59 
1e M 54 R. labyrinthectomy 26 35 
lo «(CT M 55 L. labyrinthectomy 15 22 

F 59 R. acoustic neuroma 32 41 
Means 19-9 29-1 
28 
n 
le 
8 
le 
le 
le 
le 
- 
; | 
le | 
id 
n Fig. 2. Change of threshold with orientation of head in subject with left-sided 
y nerve deafness (Miss B.). Head is viewed from side of stretcher, and numbers corre- 
. spond to thresholds (cm/sec/sec). 
Top row; alteration of position of head in sagittal plane caused little variation in 

e threshold. 
e | Middle row; subject lying on her side. Threshold was elevated when she lay on her 
Be left side (2nd, 3rd and 4th figures, in which she faces 45° downwards, horizontally 


and 45° upwards, respectively). 


| : , 
Bottom row; subject lying on her left side but with her head propped up and neck 
d i flexed towards her right shoulder. Threshold was elevated in the first two positions 
(facing 45° downwards and facing straight forwards), but not in the third (facing 45° 
yt upwards). 
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side was downwards the threshold was consistently elevated, a clear 
confirmation of the finding obtained with the other subjects. In this 
position she experienced difficulty also in describing the exact orientation 
of her head. Nevertheless, she usually lay in that position when in bed, for 
otherwise hearing was not satisfactory, the sound ear being obstructed by 
the pillow. 

The relative positions of the main parts of the otolith maculae are shown 
in Fig. 3 (cf. Camis, 1930). According to Corvera, Hallpike & Schuster 
(1958) the two saccules lie almost parallel, occupying sagittal planes, 
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Fig. 3. Relative positions of saccule and utricle. In each figure the head is viewed 
from in front (after von Holst (1949) and Birukow (1959)). 


whilst the two utricles are almost horizontal when the head is tilted a little 
forward. The anterior parts of the utricular maculae and the dorsal lobes 
of the saccular maculae are described as being angulated with respect to 
the main parts of the receptive epithelium. The existence of these small 
zones may partially mask alterations of sensitivity with position that 
would otherwise be more striking. 

The systematic change in threshold with position described above 
clearly indicates that the vestibular apparatus is concerned in the responses. 
Movement may, however, stimulate also the skin. Even if the vestibular 
apparatus was completely insensitive the motion might still be detected 
as a result of the pressure on the trunk resulting from the acceleration of 
the stretcher. The alteration in the sensitivity of the vestibular apparatus 
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according to its orientation may thus be greater than indicated by the 
numerical data. 

When a person lies on one side the maculae of the utricles lie close to a 
vertical plane at right angles to the long axis of the body. A shearing force 
will thus result from horizontal movements in a transverse direction, 
pressure or traction from movements to the head or to the feet. To 
ascertain how sensitive the utricle might be under these circumstances the 
proportion of correct responses obtained in experiments with the patient 
lying on the side of the lesion has been investigated. The data for the six 
patients of Table 1 have been taken, and are analysed in Table 2. The 
responses are those to stimuli close to threshold. Calculation of x? gave 
a value of 2-9, which for 3 degrees of freedom is not significant. 
Evidently the utricle is insensitive to horizontal movement when its 
membrane is vertical. When the patient lay with the normal side down- 
wards his sensitivity in the four directions of motion appeared to be equal. 
The value for y? is 0-6, which is not significant. 


TaBLE 2. Proportion of correct responses for movement in different directions 


Movement to Movement to Movement Movement 
head feet forwards backwards 
No. . No. No. No. 
of No. of No. of No. of No. 
trials correct trials correct trials correct trials correct x? 
Lying on labyrinth- 32 16 22 15 26 7 34 11 2:9 
ectomized side 
Lying on sound side 31 13 28 15 27 13 24 12 0-6 
DISCUSSION 


When a patient with a unilateral lesion lies on his normal side the 
membrane of the remaining utricle lies approximately in a vertical plane 
at right angles to the long axis of the stretcher. It is inconceivable, what- 
ever view is taken as to the adequate stimulus, that an otolith organ would 
show the same sensitivity to a shearing force as to a force directed per- 
pendicular to the macula; yet the patient has the same sensitivity for 
movements to the head or to the feet as to movements forwards or back- 
wards. This finding suggests that the saccule participates in the responses. 
The change of threshold of the patients with unilateral labyrinthine 
lesions, according to their posture, also suggests that the saccules are con- 
cerned in the responses to linear acceleration. As the maculae of the 
utricles lie in almost the same plane it is difficult to see why this asymmetry 
should occur if they alone were concerned in the responses. The results 
would correspond to the right saccule being used to signal horizontal 
movements when lying on the right, the left saccule being involved when 
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lying on the left. It is implicit in this scheme that the saccule is sensitive 
to a shearing force but that the sensitivity varies according to the direction 
of the steady pull on the membrane due to gravity. Such a concept indi- 
cates that both traction and shearing forces must be considered ; the need 
for an extension and synthesis of earlier views appears inescapable. 

The macula is evidently sensitive to acceleration in its own plane, and 
can give information as to the direction of action of force in that plane. 
When the saccular membrane lies above its macula, gravity will tend to 
pull it to one side or to the other. This mechanical consideration may 
explain the poor sensitivity to horizontal movement in that position. With 
the membrane in a dependent position it comes to lie close to its mid 
position and maximal sensitivity is shown. The importance of a biasing 
force to one side will vary with the tightness of the suspension of the 
membrane. The results afford a suggestion that the utricle behaves in a 
similar way, for it appears to be insensitive to horizontal movement when 
its membrane is in a vertical plane (p. 355). In this position the shearing 
effect of gravity will be maximal; the membrane will be strongly -— 
from its position of rest. 

As an analogy a bell may be considered, for it can be rung by horizontal 
movements easily when in its normal position, with difficulty when in- 
verted and not at all when on its side. The results harmonize with those 
obtained by Hasegawa (1938) on studying the frog after denervation of the 
saccules. The reflex responses to vertical jolting were lost. In Hasegawa’s 
experiments the shearing force acted with or against gravity and not at 
right angles as in the experiments described in the present paper. On the 
analogy with the bell Hasegawa’s results would have been predicted, for 
to be rung effectively by being rapidly raised and lowered a bell must be 
held horizontal. 

SUMMARY 

1. A suspended stretcher moved by compressed air has been used to test 
the sensibility of the human subject to linear acceleration. The person was 
required to ascertain the direction in which the motion had occurred, and 
the least acceleration needed was measured. Patients were investigated 
who had lost the use of the vestibular apparatus on one side. 

2. When the patient lay on his back the sensitivity to movement towards 
and away from the damaged side appeared to be the same. 

3. The sensitivity was consistently reduced when the patient lay with 
the damaged side downwards. 

4. It is argued that these results indicate that the saccule partakes in 
the responses and that it is responsive to a shearing force parallel to the 
main part of its macula. It is concluded also that the direction of the 
gravitational bias is important in determining the effectiveness of a given 
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shearing force. Greater sensitivity to horizontal motion results when the 
saccular otoliths hang than when they press on the macula. 


The author wishes to thank Professor N. M. Dott and Mr I. Simson-Hall for access to 
patients in their departments of the Royal Infirmary, Edinburgh; Drs I. Simpson and 
J. Stanton for their co-operation in referring patients to him for these investigations; and 
C. Shepley, Esq., Department of Medical Illustration, for the figures. The apparatus was 


constructed by G. Wright. 
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Slices of the cortex cut from kidneys of adult rabbits, rats and guinea- 
pigs depend on respiration for the maintenance of high potassium and low 
sodium concentrations in the intracellular fluid, because a loss of potassium 
and a gain of sodium occur when respiration is inhibited by cooling, anoxia 
or cyanide (Mudge, 1951; Whittam & Davies, 1953; Aebi, 1953). The meta- 
bolism of kidney cortex slices from these adult animals is predominantly 
aerobic, with high rates of oxygen consumption and low rates of anaerobic 
glycolysis. Thus, in guinea-pig kidney cortex slices the energy supply 
anaerobically is only 1 °% of that aerobically and is about one sixth of the 
minimum required for the active transport of sodium and potassium at the 
rates found aerobically (Whittam & Davies, 1954). 

The low resistance of anoxia in tissue slices during incubation in vitro 
is a reflexion of the response of the whole animal, since adult guinea-pigs, 
rats and rabbits are alike in showing low tolerance to anoxia. New-born 
rats and rabbits, however, differ from new-born guinea-pigs in their 
response to anoxia, since they survive in nitrogen for appreciably longer 
than do new-born guinea-pigs (Fazekas, Alexander & Himwich, 1941). The 
survival time has recently been shown to be linearly related to the cardiac 
carbohydrate concentration and the maintenance of the circulation appears 
to be of some importance for survival (Dawes, Mott & Shelley, 1959). In 
view of the need also to prevent cardiac failure from an elevated plasma 
potassium concentration, the rather long survival in nitrogen of new-born 
rats and rabbits suggests the possibility that the tissues of these animals 
might be able to prevent a leakage of potassium into the circulation during 
anoxia, whilst the tissues of the new-born guinea-pig might resemble those 
of the adult animal in losing potassium anaerobically. This possibility has 
been tested with slices of kidney cortex, and the tissue sodium and potas- 
sium concentrations have been compared with the rates of respiration 
and of aerobic and anaerobic glycolysis. The tissue water content was 
also measured, as it increases in tissue slices from adult animals when 








and 
tior 
sha 
0, « 
mer 
sodi 








Na AND K IN KIDNEY SLICES 359 


respiration is inhibited (see Robinson, 1950), and is therefore another tissue 
constituent whose concentration is affected by anoxia. 


METHODS 


Materials and procedure. Litters of rats, rabbits and guinea-pigs which had been born 
during the night were obtained between 9 and 10 a.m. the following morning. The animals 
were killed by bleeding from the carotid artery and the kidneys removed immediately. The 
kidneys of guinea-pigs and rabbits were bisected longitudinally and the medulla cut away 
with fine scissors. Slices of the cortex were made freehand with a razor blade, moistened with 
saline medium, by the method of Deutsch (1936), and the outermost slice was rejected. 
Kidneys of new-born rats-weighed only about 20 mg and were too small for the poorly- 
defined medulla to be cut out. Two slices only were therefore cut from each rat kidney and 
these included the outer layer of the organ. The slices (0-3—0-4 mm thick) were placed in 
about 4 ml. of saline medium in a Petri dish at room temperature until they had all been 
made, this process taking up to 15 min. About 30-50 mg of tissue (wet wt.) were placed 
either in 4-0 ml. of saline medium in cups of Warburg manometers or in 3-0 ml. of saline 
medium in 5 ml, stoppered conical flasks. In anaerobic experiments a stick of yellow phos- 
phorus was placed in the centre well of the manometer cups. The vessels were shaken for 
1 hr in a water-bath at 37° C. 

After incubation the slices were removed, rapidly blotted on hardened filter paper 
(Whatman No. 542) and divided into two lots, each of which was quickly weighed on a torsion 
balance. 

Media. The two saline media contained (mm) NaCl 150, KCl 5, Na phosphate 10, pH 7-4 
and glucose 10, gassed with either O, or N, for aerobic or anaerobic incubations in conical 
flasks; and (mm) NaCl 150, KCl 5, NaHCO, 25 and glucose 10, gassed with 5% CO, and 
95% N,, for anaerobic incubations in Warburg manometers. 

Water content of tissue. The tissue water was taken to be equal to the loss of weight on 
drying the tissue during the night at 105° C. 

Chemical estimations. Lactate was estimated according to the method of Barker & 
Summerson (1941) in the medium in which the tissue had been incubated. Sodium and 
potassium were estimated in extracts of the tissue by flame photometry with a lithium internal 
standard (Amoore, Parsons & Werkheiser, 1958). The tissue extract was obtained by dis- 
persing the tissue in 3-0 ml. 5 % (w/v) trichloroacetic acid, which was then allowed to remain 
at 4° C during the night. Sodium and potassium in rat kidney tissue were estimated on the 
dried samples on which the water content had been determined, as there was not enough 
tissue for analyses on separate lots of tissue. The dried sample was digested in concentrated 
HNO, as described by Whittam & Davies (1953) and the sodium and potassium contents 


estimated by flame photometry. 


RESULTS 
Cation concentrations in kidney cortex slices 
Rabbit and rat. To determine whether concentration gradients of sodium 
and potassium could be maintained during aerobic and anaerobic incuba- 
tion at 37° C, cortex slices cut from the kidneys of new-born animals were 
shaken in a saline medium containing glucose with a gas phase of either 
0, or N,. The results for rabbit tissue in Table 1 are from a typical experi- 
ment of five that gave similar results. They show that the concentration of 
sodium was maintained at the same level during aerobic incubation, whilst 
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during anaerobic incubation it increased from 107 to 133 m-mole/kg wet wt. 
The concentration of potassium rose from 76 to 85 m-mole/kg wet wt. 
during aerobic incubation, but fell to 66 m-mole/kg wet wt. anaerobically. 
The sum of the sodium and potassium concentrations remained the same 
as at the start after aerobic incubation but increased 9% anaerobically. 
The changes in the potassium concentration were therefore approximately 
balanced by movements of sodium in the opposite direction. Only small 
changes occurred in the water content and the cation concentrations 
expressed in m-mole/kg dry wt. are comparable to those in m-mole/kg 


TABLE 1. The sodium, potassium and water concentrations in kidney cortex slices 
from new-born animals 


Cation concentrations 
Water concentration 








m-mole/kg m-mole/kg —-7——.,, 
wet wt. dry wt. ml. water, ml. 
Conditions - A j A 100 g water/g 
Species of incubation Na K Na+K Na K Na+K_ wet wt. dry wt. 
Rabbit Before incubation 107 76 183 620 440 1060 84+0-7(3) 5-14+03 
Aerobic 100 85 185 560 470 1030 81+0-°8(5) 4340-2 
Anaerobic 133 66 199 780 390 1170 83+1-0(5) 48+0-4 
Rat Before incubation 95 78 173 560 460 1020 83+1-1(5) 4-9+0-4 
Aerobic 94 86 180 500 4590 950 8141-:2(5) 4:4+03 
Anaerobic 134 63 197 840 390 1230 84+2-0(5) 53408 
Guinea-pig Before incubation 116 62 178 580 310 890 80 (2) 4-0 
Aerobic 113 61 174 460 250 710 75 (2) 3-0 
Anaerobic 148 21 169 970 140 1110 85 (2) 56 


Slices of the cortex were cut from the kidneys of a litter of new-born animals and immersed 
in phosphate saline medium in a Petri dish at room temperature until the slices had all been 
made. The tissue was then incubated at 37° C in 3-0 ml. of the phosphate saline medium, 
pH 7-4, containing 10 m™ glucose, with a gas phase of either O, or N, for 1 hr and, after 
blotting and weighing the slices, the sodium, potassium and water concentrations in the 
tissue were estimated. The cation concentrations are mean values of duplicate measurements 
of a single experiment typical of at least three and the mean values for the water concen- 
trations are shown with s.p. and the number of values in parentheses. 


wet wt. Control incubations at 37° C of cortex slices cut from kidneys 
of the mothers of two of the litters showed a difference between the 
potassium concentrations aerobically and anaerobically of 43 m-mole/kg 
wet wt., in contrast to the mean difference (with s.p.) of 17+ 6 found in 
five experiments with tissues from new-born rabbits. 

Kidney cortex slices from new-born rats did not give as reproducible 
results as those from rabbits because of analytical difficulties due to the 
small amount of tissue available. The slices from fifteen new-born rats in 
a particularly large litter were pooled and incubated in duplicate flasks 
under each condition; the weight of tissue per flask was 15-20 mg and the 
results are shown in Table 1. They are closely similar to those obtained 
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with new-born rabbit tissue. The potassium concentration (in m-mole/kg 
wet wt.) was 86 after aerobic incubation and 63 after anaerobic incubation. 
The mean difference (with s.p.) in four experiments was 24+ 7. The rela- 
tively high potassium concentration found after anaerobic incubation is in 
contrast with that of 18-20 m-mole/kg wet wt. which has been found after 
the similar incubation of kidney cortex slices from adult rats (Whittam & 
Robinson 1958). The sodium concentration was unchanged during aerobic 
incubation but increased from 95 to 134 m-mole/kg wet wt. anaerobically. 
The sum of the sodium and potassium concentrations consequently also 
remained unchanged aerobically but increased 14° anaerobically owing 
to the uptake of sodium. The tissue from the new-born rat therefore closely 
resembles, as regards the loss of potassium, the tissue from the new-born 
rabbit in its relative insensitivity to anaerobiosis compared with tissue 
slices from adult animals. 

Guinea-pig. The sodium and potassium concentrations in kidney cortex 
slices from new-born guinea-pigs remained unchanged during aerobic 
incubation, but after anaerobic incubation the sodium concentration had 
risen from 116 to 148 m-mole/kg wet wt. and the potassium concentration 
had fallen from 62 to 21 (Table 1). These changes are similar to those 
occurring in kidney cortex slices from adult guinea-pigs, in which the 
potassium concentration after anaerobic incubation was 42 m-mole/kg 
wet wt. lower than that after aerobic incubation (Whittam & Davies, 
1953). The large increase during anaerobic incubation (67% = 970—580= 
390 m-mole/kg dry wt.) in the amount of sodium per unit weight of dry 
matter is made up of an uptake of sodium in exchange for potassium 
(310—140 = 170 m-mole/kg dry wt.) and also of a net uptake of 390— 
170 = 220 m-mole/kg dry wt. The net uptake of sodium in kidney cortex 
slices from adult guinea-pigs has been shown to be accompanied by 
chloride (Whittam, 1956) and explains the swelling that occurs anaero- 
bically as an entry of extracellular fluid into the cells (Leaf, 1956), and the 
same mechanism probably explains the present results. 

Effect of metabolic inhibitors. The maintenance of the sodium and potas- 
sium concentrations found after the anaerobic incubation of kidney cortex 
slices of new-born rabbits and rats could be due to one of two possibilities. 
First, the rate of exchange of these ions might be so low that only the 
relatively small net changes occurred in 1 hr even though the active trans- 
port of cations might be inhibited anaerobically. Secondly, the concen- 
trations might be maintained by active movements of ions, anaerobically 
as well as aerobically, at rates which would cause larger net changes in the 
concentrations if the active fluxes were to be inhibited by cutting off the 
supply of metabolic energy. To distinguish between these possibilities 
kidney cortex slices were incubated anaerobically in the presence of 
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iodoacetate, as this condition would be expected to inhibit the energy 
supply from both respiration and glycolysis. As an alternative way of 
inhibiting respiration slices were incubated aerobically with cyanide, and 
also, as a control, under anaerobic conditions with cyanide. 

The results (Table 2) show that the potassium concentration in rabbit 
kidney cortex slices after anaerobic incubation with 1 mM iodoacetate was 
25 m-mole/kg wet wt., indicating that iodoacetate caused a loss of 
(66—25) = 41 m-mole potassium/kg wet wt. The addition of 1 mm-KCN 
aerobically caused changes in the sodium and potassium concentrations to 
those values which were also found after anaerobic incubation, when KCN 
had no effect. Anoxia and the addition of KCN aerobically therefore 


TABLE 2. Changes in the sodium and potassium concentrations and water content of kidney 
cortex slices after incubation under metabolically unfavourable conditions 


Cation concentrations 
(m-mole/kg wet wt.) 








“A — Water content 
Guinea- (ml./g dry wt.) 
Rabbit Rat pig — +~———_— 
—S. 2 —-—-— Guinea- 
Species K Na K Na K Na Rabbit Rat pig 
Before incubation 76 107 78 95 62 116 51 4:8 4-0 
After incubation: 
Aerobic 85 100 86 94 61 113 4:3 4:3 3-0 
Anaerobic 66 1336 134 21 148 4-8 4-5 5-6 
Aerobic + cyanide 62 134 63 120 -- — 5-6 5-1 --- 
Anaerobic + iodo- 25 1438 35 ~= 140 19 158 6-4 6-9 5-6 
acetate 

Anaerobic+cyanide 60 130 §=662 133 — — 53 5-6 —_ 
Aerobic + cyanide + 29 149 — _ —_— — 7-2 — —_ 


iodoacetate 


Kidney cortex slices from new-born animals were incubated for 1 hr at 37° C in 3-0 ml. of 
phosphate saline medium containing 10 mm glucose, pH 7-4, with O, or N, in the gas phase. 
Potassium cyanide and Na iodoacetate were added to give a final concentration of 1 mM. 


The values are means of two experiments. 


caused the same small leakage of tissue potassium. It seemed possible that 
the maintenance of a high potassium concentration aerobically with 
cyanide might also be due to energy from glycolysis under these conditions. 
Slices were therefore incubated to test whether iodoacetate, added with 
cyanide, under aerobic conditions, caused a greater leakage of potassium, 
as it did under anaerobic conditions. The results (Table 2) show that 
iodoacetate and cyanide added together under aerobic conditions caused a 
fall in potassium concentration to about 30 m-mole/kg wet wt. compared 
with the smaller fall to 62 with cyanide alone. 

Kidney cortex slices from new-born rats resembled those from new-born 
rabbits. They lost the same amount of potassium (15 m-mole/kg wet wt.) 
aerobically, with 1 mm cyanide, as they did during anaerobic incubation, 
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when the addition of cyanide had no effect. Anaerobic incubation with 
1 mM iodoacetate caused a leakage of 43 m-mole potassium/kg dry wt. 

Cyanide (1 mM) caused a loss of potassium from new-born guinea-pig 
kidney cortex slices (28 m-mole/kg wet wt.) during aerobic incubation for 
lhr. In contrast to the results with rabbit and rat tissue, the addition of 
iodoacetate anaerobically caused only the same leakage (43 m-mole/kg 
wet wt.) as anaerobiosis alone (41 m-mole/kg wet wt.). The losses of 
potassium from tissue slices of all three species were accompanied by gains 
of sodium which were either approximately equal to or greater than the 
potassium loss (Table 2). 

The results in Table 2 therefore show that an inhibitor of respiration 
(cyanide) caused changes in the sodium and potassium concentrations in 
kidney cortex slices from rabbits and rats which were the same as those 
produced by anaerobiosis. The addition of an inhibitor of glycolysis 
(iodoacetate) anaerobically caused a loss of potassium from kidney cortex 
slices from rabbits and rats, but not from guinea-pig tissue. The results 
show that metabolic energy from glycolysis was sufficient for the main- 
tenance of high tissue potassium concentrations anaerobically in rabbit 
and rat kidney cortex slices but insufficient in guinea-pig kidney cortex 
slices. 


Water content of tissue slices 


Slices of kidney cortex from adult animals swell during incubation in 
vitro when the supply of energy from respiration is inhibited (see Robinson, 
1950) owing to a failure of the cells to prevent the entry of sodium chloride 
(Whittam, 1956), with which water moves as an approximately isotonic 
solution (Leaf, 1956). It was therefore interesting to see whether those 
tissue slices from new-born animals which partially resisted anaerobiosis, 
as regards the regulation of their sodium and potassium concentrations, 
also resisted the tendency to swell. The results (Table 1) are given as the 
amount of water per unit dry weight of tissue and as the percentage water 
(g water/100 g wet wt.). They show that the water content of the rabbit 
tissue was 5-1 ml./g dry wt. initially, and 4-3 and 4-8 ml./g dry wt. after 
aerobic and anaerobic incubation; these values are not significantly 
different. The values for rat tissue are similar. The water content of guinea- 
pig kidney cortex slices, in contrast, was higher after anaerobic incubation 
(5-6 ml./g dry wt.) than after aerobic incubation (3-0 ml./g dry wt.), and 
the changes from the initial water content (4-0 ml./g dry wt.) show that 
during incubation the tissue lost water aerobically and gained water 
anaerobically. Table 2 shows the values in the presence of inhibitors. 
Rabbit and rat tissue swelled during anaerobic incubation with iodoacetate 
from 4-8—5-1 before incubation to 6-4-6-9 ml./g dry wt. The water content 
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of guinea-pig tissue was the same (5-6 ml./g dry wt.) after anaerobic 
incubation both in the presence and absence of iodoacetate. 

The results show that the water content of kidney cortex slices from 
rabbits and rats was unchanged after aerobic or anaerobic incubation at 
37° C, whilst guinea-pig kidney cortex slices swelled appreciably during 
anaerobic incubation. It appears that resistance to anaerobic swelling is 
shown by kidney cortex slices from new-born rabbits and rats but not by 
those of new-born guinea-pigs. In this respect, therefore, new-born rabbits 
and rats resemble each other and are different from adults of the species, 
whilst, in contrast, new-born guinea-pigs resemble adult guinea-pigs. 


TABLE 3. The rates of respiration and of lactic acid production in kidney cortex slices at 37°C 


Rate of lactic acid 
production 





¢ 





Qo, Qs3, m-mole 
Conditions of (pl./mg dry (ul. /mg dry  _pl./mg dry kg wet 
Species incubation wt./hr) wt./hr) wt./hr wt./hr 
Rabbit Aerobic 10 (3) — 3°3 (2) 2-8 
Anaerobic 0 22 (3) — — 
Aerobic + cyanide 0 — 13-6 (3) 9-1 
Rat Aerobic 15+3-7 (5) — 3-7 3-1 
Anaerobic 0 16 (3) — — 
Aerobic + cyanide 0 9 (2) 6-6 
Guinea pig Aerobic 14 — 1 1 
Anaerobic a 5 —_— — 


Slices of kidney cortex were incubated either in 4-0 ml. phosphate saline medium, pH 7-4, 
containing 10 mm glucose in O,, or in 4-0 ml. bicarbonate saline medium, pH 7-4, containing 
10 mm glucose gassed with 5% CO, and 95% N,. The concentration of KCN was 1 mm. 
Lactic acid was determined in the medium after incubation. The values are means of at 
least two experiments; s.D. are given with the number of experiments in parentheses. 


The metabolic activity of tissue slices 

The resistance towards anaerobiosis by kidney cortex slices of new-born 
rabbits and rats, both as regards sodium and potassium concentrations and 
water content, suggests that they derive sufficient energy from anaerobic 
glycolysis to maintain a steady state close to that maintained aerobically. 
Measurements of the rate of oxygen consumption, of the liberation of 
carbon dioxide from a bicarbonate saline medium and of the lactic acid 
production have therefore been made to test, on the one hand, if kidney 
cortex slices of new-born rabbits and rats have a high rate of anaerobic 
metabolism and, on the other hand, if those from new-born guinea-pigs 
resemble adult guinea-pigs in having a low rate. 

The rates of oxygen consumption by kidney cortex slices from new-born 
rabbits and rats at 37° C were 10 and 15 yl./mg dry wt./hr respectively, 
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and the rates of liberation of CO, anaerobically were 22 and 16 ul./mg dry 
wt./hr respectively (Table 3). In the rabbit tissue, the QN3, was therefore 
2-2 times greater than the Qo,, and in the rat tissue the rates were equal. 
Therate of lactic acid production aerobically was about 3m-mole/kg wet wt./ 
hr for both the rat and rabbit tissue, and this value is equivalent to a Q2%, 
(ul./mg dry wt./hr) of approximately 3-5. In contrast to the high rates of 
anaerobic metabolism in kidney cortex slices of the rabbit and rat, kidney 
cortex slices from new-born guinea-pigs were predominantly aerobic; the 
Qo, was 14 and the Qs3, was 5; the rate of lactic acid production aero- 
bically was less than 1 m-mole/kg wet wt./hr. 

The O, uptake was completely inhibited by 1 mm-KCN, which caused 
an increase in aerobic lactic acid production in rabbit and rat tissue from 
about 3 to 9-1 and 6-6 m-mole/kg wet wt./hr respectively. Liberation of 
CO, anaerobically was 90 °% inhibited by 1 mm-iodoacetate. 


DISCUSSION 
Cation concentrations in kidney cortex slices 


Rabbits and rats are among those species whose new-born can survive 
anoxia for appreciably longer periods of time than new-born guinea-pigs 
(Fazekas et al. 1941), and at birth the former are less developed and are 
suckled for about 2 weeks whereas guinea-pigs can eat solid food. Studies on 
the plasma electrolytes in animals subjected to anoxia have not been made, 
but it may be assumed that those animals which withstand anoxia are also 
able to maintain a low plasma potassium concentration. If this is so, then 
tissues such as kidney- and brain-cortex and liver would be expected to 
retain their potassium during anaerobic incubation in vitro, in contrast to 
the loss which occurs from tissues from adult animals. The results show that 
this is substantially true for slices of kidney cortex of new-born rabbits 
and rats. Kidney cortex slices were found to be suitable for studies in 
vitro but the brains were too small for cutting slices. Preliminary experi- 
ments with liver slices gave results similar to kidney cortex slices but the 
values for the cation concentrations varied from litter to litter, probably 
because of variable amounts of tissue fat and glycogen. 

Calculations of the cation concentrations in the intracellular fluid have 
not been made, as the extracellular space was not measured. Corrections 
for the cations in extracellular fluid would give intracellular concentrations 
higher for potassium and lower for sodium than those for the whole tissue. 
The concentrations in the whole tissue, however, show the retention of 
potassium at about 65 m-mole/kg wet wt. compared with a concentration 
of 5mm in the medium, and the maintenance of sodium at a lower con- 
centration (133 m-mole/kg wet wt.) than that in the medium (168 mm) by 
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kidney cortex slices from new-born rabbits and rats in which respiration 
was inhibited by incubation either anaerobically or aerobically in the 
presence of cyanide. The concentration gradients could not have been due 
to the impermeability, or very low permeability, of the cell membranes, 
because when glycolysis was also inhibited by the addition of iodoacetate 
the potassium concentration fell to about 30 m-mole/kg wet wt. The intra- 
cellular concentrations, therefore, appear to be maintained actively either 
by energy from respiration under aerobic conditions, when the rate of 
glycolysis was low, or by energy from glycolysis when respiration is in- 
hibited by cyanide or anoxia when the rate of glycolysis was high. As the 
p.d. across the cell membranes is not known, it is not possible to decide 
whether both sodium and potassium are actively transported or sodium 
alone. The results show, however, that the kidney cortex of the new-born 
rabbit and rat can derive sufficient energy from glycolysis for the main- 
tenance of high concentrations of potassium, and this is unlike the tissue 
from adult rabbits and rats which requires oxygen (Mudge, 1951; Aebi, 
1953). No differences were found between the sodium and potassium con- 
centrations in kidney cortex slices from new-born and adult guinea-pigs 
(Whittam & Davies, 1953), because during anaerobic incubation at 37° C 
potassium leaked out of the tissue in exchange for sodium, the tissue 
swelled and iodoacetate had no additional effect. Kidney cortex slices 
from the new-born rabbit and rat are, therefore, similar in their tolerance 
of anaerobiosis, and in this respect are different from the same tissue from 
new-born guinea-pigs and from adult animals of the same species. 


The metabolism of kidney cortex slices 


The importance of anaerobic glycolysis for the survival of animals 
without oxygen has been recently discussed by Dawes et al. (1959). The 
decrease in cardiac glycogen with age which they found exactly parallels 
the decrease in tolerance to anoxia, and supports their conclusion that the 
maintenance of the circulation by energy derived from glycolysis is of 
primary importance in the resistance to anoxia. 

The present results show that glycolysis is also important for the pre- 
vention of swelling and the leakage of potassium from the cells under 
anaerobic conditions. Kidney cortex slices of new-born rabbits and rats 
liberated CO, from a bicarbonate saline medium at a high rate (QS3, = 22 
for rabbit and 16 for rat). The QX¥,, of 16 for kidney cortex slices of the new- 
born rat is only in fair agreement with the value of 11-4 found by Gyorgy, 
Keller & Brehme (1928); comparable values for new-born rabbit and 
guinea-pig have not been found in the literature. The rate of lactic acid 
production aerobically and the Qj, (5) in guinea-pig kidney cortex slices 
were less than 30°% of the corresponding values for the rabbit and rat 
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tissue. Since the product of both respiration and anaerobic glycolysis is 
adenosine triphosphoric acid (ATP) it may be inferred that a supply of 
ATP from either metabolic pathway may be used by the active transport 
systems which maintain the intracellular concentrations of sodium and 
potassium in kidney cortex slices of the new-born rabbit and rat. 

It is instructive to compare the rates of anaerobic glycolysis (QX,) for 
kidney cortex slices from new-born and adult tissues, because the values 
clearly demonstrate the greater capacity for glycolysis in those of the new- 
born rabbit and rat. Thus, the Qd%, for the tissue from adult rabbits and 
rats is 5 (Gyorgy et al. 1928; Ebina, 1929) compared with respective values 
of 22 and 16 for the tissue of the new-born (Table 3). In contrast, the rate 
(6) for the tissue of the adult guinea-pig (Gyérgy et al. 1928) is approxi- 
mately equal to that for the new-born (5, Table 3). 


Comparison with other tissues 


Other tissues and cells which possess the ability to transport cations 
actively both aerobically and anaerobically are frog skin (Leaf & Renshaw, 
1957), duck erythrocytes (Tosteson & Robertson, 1956), ascites tumour 
cells (Maizels, Remington & Truscoe, 1958) and guinea-pig seminal vesicle 
mucosa (Breuer & Whittam, 1957). A metabolic feature shared by tumour 
cells and kidney cortex slices of the new-born rabbit and rat is a rate of 
aerobic glycolysis higher than that of tissues such as liver and kidney 
cortex of adult animals (see the discussion by Warburg, 1956). Thus, per 
mg dry wt./hr, kidney cortex slices from the new-born rabbit consumed 
10 wl. O, and produced 0-15 umole lactic acid during aerobic incubation 
(see Table 3). If glucose is assumed to be the substrate for respiration and 
glycolysis, these values correspond to a glucose utilization of 0-08 umole 
by respiration and also by glycolysis. The values for rat tissue are 0-12 and 
0-17 respectively. The amount of glucose converted to lactic acid was, 
therefore, equal to that converted to CO, in rabbit tissue, and greater by 
40% in rat tissue. In contrast, kidney cortex slices of new-born guinea- 
pigs were predominantly respiratory, converting 0-10 umole glucose to 
CO, and less than 0-04 umole glucose to lactic acid. As regards the 
utilization of glucose during aerobic incubation, the production of lactic 
acid accounts for more catabolism than the respiratory pathway both in 
ascites tumour cells (Maizels e¢ al. 1958) and in kidney cortex slices of new- 
born rabbits and rats, but not in kidney cortex slices from new-born 
guinea-pigs. 

Another feature common to ascites cells and kidney cortex slices is a 
Pasteur effect (the increase in lactic acid production due to anaerobiosis) 
which is up to 200 % in ascites cells (Maizels et al. 1958), and 560 and 330% 
with new-born rabbit and rat kidney cortex slices respectively. This effect 
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was also found with new-born guinea-pig kidney cortex slices, but since the 
anaerobic rate of glycolysis was only about 30% of that in the rabbit and 
rat tissue the glycolytic pathway is quantitatively of less significance than 
respiration. The Pasteur effect, therefore, partly accounts for the high 
rates of anaerobic glycolysis in ascites cells, seminal vesicle mucosa and 
kidney cortex slices of new-born rabbits and rats. 


SUMMARY 


1. Astudy has been made of the metabolism and the sodium, potassium 
and water concentrations in cortex slices from the kidneys of new-born 
rabbits, rats and guinea-pigs during incubation under various conditions 
at 37°C. 

2. The sodium, potassium and water concentrations in kidney cortex 
slices from new-born rabbits and rats were maintained during aerobic 
incubation for 1 hr, and the addition of 1 mm cyanide aerobically, or 
anaerobiosis caused only a small loss of potassium (10-15 m-mole/kg wet 
wt.) and no change in water content. The addition of 1 mm iodoacetate 
anaerobically caused a greater loss of potassium (40-50 m-mole/kg wet wt.). 
Kidney cortex slices from new-born guinea-pigs also maintained their 
cation concentrations aerobically, but they gained sodium. lost potassium 
and swelled during anaerobic incubation, when the addition of iodoacetate 
caused no further changes. 

3. Kidney cortex slices from new-born guinea-pigs, therefore, resemble 
those from adult guinea-pigs in their sensitivity to anaerobiosis and their 
dependence on respiration. Slices from new-born rabbits and rats, how- 
ever, maintained concentration gradients anaerobically which are com- 
patible with the ability of these animals to withstand anoxia for longer 
periods than guinea-pigs. 

4. The rates of liberation of CO, from a bicarbonate medium by kidney 
cortex slices from new-born rabbits and rats were 22 and 16 yl./mg dry 
wt./hr anaerobically, and the rate of lactic acid formation aerobically was 
about 3 m-mole/kg wet wt. In contrast, the respective values were 5 and 
less than 1 for guinea-pig tissue. The rates of oxygen consumption were 
also measured. 

5. It is concluded that the glycolytic metabolic pathway in kidney 
cortex slices from new-born rabbits and rats enables active transport 
mechanisms to maintain sodium and potassium concentrations close to 
those found aerobically and to prevent swelling, whilst the predominantly 
respiratory pathway in the same tissue from new-born guinea-pigs accounts 
for its oxygen requirement for active transport. 
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THE EFFECT OF SUDDEN CHANGES IN IONIC CONCENTRA- 
TIONS ON THE MEMBRANE POTENTIAL OF SINGLE 
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In an earlier paper on single muscle fibres (Hodgkin & Horowicz, 1959), 
we showed that the displacements of membrane potential produced by 
changes in the external ionic concentration were quantitatively consistent 
with the idea that the membrane potential is determined by the con- 
centration ratios of the potassium and chloride ions. Without making 
further measurements it might be supposed that the rate of change of 
membrane potential in response to a sudden alteration of [K]o or [Cl]o 
would also be of a relatively simple kind. If ions in the external solution 
could reach the membrane without appreciable delay, the rate of change 
of membrane potential should be determined by the membrane time con- 
stant, which is normally about 30 msec (Fatt & Katz, 1951). If there were 
a straightforward diffusion delay it should be possible to measure the 
delay in one record and to predict the shape of all other records. The 
results described here show that the actual situation is more complicated, 
the main findings being that [Cl]> affects the membrane potential more 
rapidly than [K], and that the depolarization associated with a rise of [K]o 
is quicker than the repolarization associated with a fall. A partial expla- 
nation is that the sites which are sensitive to potassium ions are less 
accessible than those which are sensitive to chloride and that appreciable 
quantities of potassium can be retained in a special region of the fibre. 
This suggestion accounts for a number of puzzling observations, but 
something further is needed to explain why the effect of a rise in [K]p is 
so much more rapid than that of a fall. 

In the present paper the words rapid and slow have a different meaning 
from those used in our previous article (Hodgkin & Horowicz, 1959). 
In describing the earlier results, any change taking place in less than a 
minute was regarded as ‘rapid’ and the word ‘slow’ was reserved for the 
drifts in membrane potential, lasting minutes or hours, that are associated 
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with movements of KCl into or out of the fibre. Here, a ‘rapid’ change is 
one that takes place in a fraction of a second and a ‘slow’ change is one 
occurring in seconds or tens of seconds. 


METHODS 


The apparatus and general procedure were identical with those described in the previous 
paper (Hodgkin & Horowicz, 1959). In most cases, membrane potentials were recorded 
between an internal micro-electrode, filled with 3 m-KCl, and a similar electrode in the 
external solution. At the end of each experiment tests of the kind described in the previous 
article were made to check that the electrodes were not influenced by junction potentials. 
One of these tests, which consisted in flushing the cell with a new solution and recording 
the change in p.d. between the external micro-electrode and an external agar-Ringer elec- 
trode, provided information about the rate of change of concentration in the cell. 

Since the experiments dealt with sudden changes in concentration it was desirable to 
introduce the new solution as rapidly as possible. The usual procedure was to flush 2—5 ml. 
of solution through the cell in a period of 1—2 sec; the rate of flow varied between 1 and 
3 ml./sec. The total volume in the cell was about 0-3 ml. and the volume between the point 
of impalement and the tap was about 0-1 ml. The cross-sectional area of the cell was 0-09 cm?, 
so a flow of 2 ml./sec corresponded to a mean velocity of about 20 cm/sec. It is difficult to 
give a figure for the rate of change of concentration in the immediate vicinity of the fibre. 
When Ringer’s fluid was replaced with a solution such as sodium sulphate, a junction 
potential developed between the external micro-electrode, which was filled with 3 M-KCl, 
and the agar-Ringer electrode. This potential difference, which should not reach its final 
value until the solution between the two electrodes had been fully changed, was 75% 
complete in 0-1 sec at flows of 2 ml./sec. However, it is doubtful whether this figure is a 
true indication of the rate of change in concentration near the fibre, for an unstirred layer 
close to the fibre might retard the change in concentration. The best evidence that the 
solution near the fibre was being changed rapidly is provided by the observation that changes 
in membrane potential produced by alterations of chloride concentration at flows of 2 ml./sec 
were 50 % complete in 0-2 sec. 

The main difficulty with the method was that low rates of flow did not change the solution 
rapidly enough and that high rates tended to jerk the micro-electrode and to give a momen- 
tary depolarization of a few millivolts. These artifacts could be recognized as such, since 
they occurred when the solution already in the cell was flushed through for a second time. 

Solutions. The solutions used were similar to those described in a previous paper (Hodgkin 
& Horowicz, 1959, Table 1). Chloride was replaced by SO, or mixtures of SO, and sucrose; 
CaSO, was added to maintain the level of ionized calcium. Since [K], and [Cl], were the 
important variables the solutions will be specified by the concentrations (in mm) of these 
ions. Thus Ringer’s fluid with 2-5 mm-K and 120 mm-Cl is designated 2-5-K 120-Cl. 

A control experiment with a modified method. In the standard method the fibre rested on 
a glass pedestal which had been lightly coated with petroleum jelly. One side of the fibre 
was in contact with a layer of grease over a length of about 300. Although the area of 
membrane not directly exposed to the solution was small, it seemed just possible that 
retention of potassium between the grease and the fibre might account for the slowness of 
repolarization following a reduction of potassium concentration. Two experiments were 
therefore carried out with fibres which were suspended freely in the solution. Chloride-free 
solutions containing sulphate were employed, and the change in potassium concentration 
was from 80 to 2-5 mm-K. With no pedestal, the micro-electrode was jerked out of the fibre 
during the change in solution but usually reimpaled the fibre immediately afterwards. 
Although the records obtained by this method were rather irregular, they showed that 
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repolarization after a reduction of [K], was as slow in these experiments as in those with 
a pedestal. This indicates that retention of potassium between the grease and the fibre was 
not the explanation of the slow response to a reduction of [K] . 


RESULTS 
Changes in membrane potential produced by alterations of [Cl]o 


Figure 1 illustrates the effect of changing [Cl]> at constant [K]o on the 
membrane potential of fibres equilibrated in various solutions. In all 
cases the change was 50 % complete in less than 0-3 sec but there was often 
a slow drift to the final level. This was most conspicuous when fibres 
loaded with chloride were suddenly exposed to a solution containing little 
chloride— for example record D. The duration of the slow component was 
of the same order as the repolarization caused by a fall in [K]o and it seems 
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Fig. 1. Rapid effect on internal potential of changing [Cl], at constant [K]p. 
The concentrations of K and Cl, in mm, are shown on the records. The fibres had 
been equilibrated in the following solutions: A, 2-5-K 120-Cl; B, 100-K 30-Cl; C, 
95-K 108-Cl; D, 95-K 214-Cl. In this and subsequent figures the solutions used in 
any one experiment always had the same tonicity. Chloride was replaced with 
sulphate, or sulphate and sucrose, using solutions of the type described in Hodgkin 
& Horowicz (1959, Table 1); for example, in A 2-5-K 120-Cl is Ringer’s fluid 
(solution A of that Table) and 2-5-K 30-Cl is solution G of the same Table. Fibre 
reference numbers and diameters were as follows: A, 29, 111 u; B, 27, 1474; C, 19, 
92; D, 17, 133. Rates of flow were 1-3 ml./sec and temperatures 19—23° C. 
The horizontal lines below records A, B and C mark the periods when solution was 
flowing through the cell ; vertical lines above the record mark changes in composition ; 
note that there were some control flushes with the solution already in the cell. 
The horizontal lines marking flushes were taken from the transducer output— 
see Fig. 2. The flushes in D were about 10 sec in duration. 
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possible that whatever slows the response to [K], may also have some 
effect on the response to [Cl]o. However, it is difficult to be sure that the 
slow component seen with [Cl], as the variable is not an artifact. Thus 
a record such as D can be explained by assuming that 80-90% of the 
solution near the fibre was changed quickly and that it took a few seconds 
to wash out the remaining 10-20%. 


Comparison of effects on membrane potential of changing 
[K]o and [Clo 
Figure 2 illustrates the difference between the effect of changing [K]o 
at constant [Cl], (record A) with that of changing [Cl], at constant [K]> 
(records B and C). The experiment shows that although the effect of a rise 
in [K]o occurs at much the same rate as that found with [Cl], the effect 
of a fall in [K]o is much slower. Thus the half-time of the repolarization in 
record A is 2-3 sec as against 0-2 sec for the half-times in records B and C. 
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Fig. 2. Comparison of effect of changing [K], at constant [Cl], record A, with 
effect of changing [Cl], at constant [K],, record B (50-K) and C (2-5-K). Chloride 
was replaced with SO, and K with Na. The fibre had been equilibrated in 50-K 
30-Cl and was transferred to 2-5-K 30-Cl just before record C. The lower line is the 
internal potential and the upper line is the transducer output. Fibre 28, diameter 
134 », temperature 22° C. 


The asymmetry between the on- and off-effects of K is not explained by 
non-linearity in the relation between membrane potential and potassium 
concentration. If the potassium concentration at the membrane rose and 
fell in a symmetrical manner the curves for the rise and fall of [K], should 
oross at a potassium concentration of $(50+ 200) = 125 mM. From other 
measurements made on the same fibre the potential at this concentration 
is estimated as -15mV. Now the time to depolarize to — 15 mV is 0-3 sec, 
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whereas the time to repolarize to —15 mV is 1-3 sec. The conclusion is 
that the ‘on-effect’ of raising [K], occurs more rapidly than the ‘ off-effect’ 
of reducing [K]p. 


The asymmetrical response to [K]o 


Variation of [K]o in the absence of chloride. The difference between the 
on- and off-effects of raising [K]o is well illustrated by Fig. 3, record A, 
which shows the effect of the changes 2-5 > 15 > 2-5-K in the absence 
of chloride. The half-time of the on-effect is about 0-3 and for the off-effect 
3-2 sec. The shape of the record suggests that the depolarization may 
take place in two stages, i.e. in (i) a rapid step whose rate is probably 
limited by the time taken to change solutions, and (ii) a slower creep with 
a time constant of a few seconds. When [K],. was reduced the rapid step 
was small and almost the whole of the repolarization occurred slowly. 
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Fig. 3. Effect of varying [K], in the absence of [Cl]). The transducer output is below 
the potential in A and B and above it in C. The records were taken in the order 
C, B, A. The fibre had been in 80-K 0-Cl for 3 min before the beginning of record C 
and had previously been in 2-5-K 0-Cl for 2 hr. The solutions contained sulphate 
and sucrose and had the same tonicity and ionic strength as Ringer’s fluid. 
The 80-K 0-Cl solution was identical with EZ, Table 1 (Hodgkin & Horowicz, 1959). 
The other two solutions were intermediate between D and E of that table. 
Fibre 24, 119, 18° C; flow 2 ml./sec. 


This was not true if the potassium concentration was raised for only a 
brief time. In Fig. 3B the potassium concentration was raised for 0-7 sec; 
under these conditions the rapid step was larger and the amplitude of the 
slow component was reduced. Further information about the effect of 
varying the duration of the exposure to raised [K]o on the rate of re- 
polarization is given in Fig. 4. These records were obtained by switching 
back and forth between 2-5 and 10-K for different periods. 

When high potassium concentrations were employed the rate of re- 
polarization became very slow. Figure 3C, which was obtained on the 
same fibre as Fig. 3A and 8B, illustrates the effect of reducing [K]o from 
80 to 2-5 mm. The fibre repolarized from — 17 to —95 mV but the half-time 
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was 12 sec and repolarization was not complete until about 100 sec after 
the change. 

Figure 5 illustrates the way in which the membrane potential approached 
its equilibrium value after a number of different changes in potassium 
concentration. The effect of the change 2-5 — 80-K was difficult to study, 
because the fibre developed maximal tension for a few seconds and was 
damaged irreversibly if the electrode was left in position during the 
transient contraction. However, if the fibre was kept for most of the time 
in 80-K, and 2-5-K was applied for short periods, there was insufficient 
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Fig. 4. Effect on internal potential of switching between 10-K 0-Cl and 2-5-K 0-Ci 
for different periods, using isotonic sulphate solutions of same type as in Fig. 3. 
Fibre 23, 130, 19°C. The flow was 2 ml./sec and the duration of the flushes 
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Fig. 5. Tracings showing on- and off-effects of K on membrane potential 


A 80 + 190-K E 2-5 + 10-K 
B 190 + 80-K F 10 — 2-5-K 
C 2-5 > 80-K G ] - 2-5-K 
D 80 > 10-K H 2-5 > 1-K 


Isotonic, chloride-free, sulphate solutions of the type used previously (Hodgkin & 
Horowicz, 1959, Table 1, solutions D, E, H). Fibre 23, 130y, 19°C. The flow 
rate was 2 ml./sec and the duration of the flushes were: A and B, 0-6 sec; C, 1-4 sec; 
D, 0-7 sec; E, 0-7 sec; G and H, 0-5 sec. A small flush artifact can be seen in records 
E, Gand H. 
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time to prime the contractile mechanism and the fibre did not develop 
tension when 80-K was reapplied. Record C in Fig. 5 was obtained in this 
way. 

Variation of [K]o in the presence of [Cl|o. In the experiments considered 
so far the fibres were in solutions which contained both sodium and 
sulphate ions. It is clearly important to know whether similar phenomena 
can be observed in media which are free from these ions. Records A—F 
in Fig. 6 were obtained by varying [K] at constant [Cl], with no sulphate 
in the solution and in A—D sodium ions were replaced with choline. Since 
chloride ions entered the fibre when it was depolarized the potential did 
not return to its original value when 2-5-K was restored. However, with 
the relatively short exposures used in A—Z this effect was small and did 
not obscure the marked asymmetry in the effect of [K]o. The rate of 
repolarization was greater than in the absence of chloride (see p. 383), 
but in other respects the form of the curves was similar to that observed 
in sulphate. Curves G and H, which are included for the sake of complete- 
ness, illustrate the repolarization in Ringer’s fluid after treatment with 
190-K 3-6-Cl. Curve J has been replotted from the only experiment 
in which we were able to record the potential during a maximal con- 


traction. 


Correlation of the time constant of repolarization with fibre diameter 


A comparison of records B and D in Fig. 6 suggests that the rate of 
repolarization might be slower ‘in fibres of large diameter. Since the 
half-time of repolarization varied greatly with the degree of depolarization 
and with the solution used to restore the resting potential, it was essential 
in comparing different fibres to use records obtained with the same change 
in solution. Table 1 gives the results obtained in four different types of 
experiment with fibres varying in diameter between 62 and 160y. In 
Group II, where the range of fibre diameters is small, and III, where there 
are only three experiments, there is no significant correlation between 
diameter and time constant. In I the range was from 74-5 to 148 and 
there is a significant correlation with r = 0-71 and 0-02 < P < 0-05. In 
IV the range was from 62 to 122 and the correlation was significant with 
r = 0-93 and 0-02 < P < 0-05. If the four groups were normalized and 
treated as a whole, the correlation was again significant with r = 0-76 
and P < 0-001. Although the evidence rests rather heavily on a few fibres 
it seems reasonable to conclude that repolarization is slower in large fibres 


than in small. 
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Fig. 6. Repolarization in 2-5-K 120-Cl (or 214-Cl) after depolarization with 
10-190-K. The potassium concentrations (mm) are shown on the records and 


other experimental details are given below. 


Fibre 
Fibre diameter 

Curve reference () Notes on solutions 
Aand B 7 74:5 120-Cl throughout (choline) 
C and D 6 138 120-Cl throughout (choline) 
E 25 119 120-Cl throughout (Na) 
F 21 132 214-Cl throughout (Na) 

7 q 83 190-K 3-6-Cl — 2-5-K 120-Cl (Na) 
H 2 62 190-K 3-6-Cl — 2-5-K 120-Cl (Na) 
I 2 62 2-5-K 120-Cl (Na) —> 190-K 3-6-Cl 


Curves B and D have been shifted downwards 3 and 6 mV respectively in order 
to superpose the end of the records. In F the fibre had been in high K for 1-7 min, 
in @ for 11 min and in H for 3 min. Curves Z and F were recorded with a 3 M-KCI- 
filled micro-electrode in the external circuit; the remainder with an agar-Ringer 
electrode externally. Corrections for junction potentials (a 12 mV step) have 
been made in G-J, but are unnecessary (< 1 mV) in the other cases. Curves H 
and J have been rescaled, the others are tracings. The fibre did not contract in 
any case except J, where it developed maximum tension for 1-5 sec and then 
relaxed with a time constant of about 1 sec. Temperature 18-—21° C. 
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TABLE 1. Half-times of repolarization (¢}) and fibre diameter 


Fibre Temperature Time in 10-K _ Diameter t} 
reference (°C) Flow (min) (p) (sec) 
jroup I, 10-K — 2-5-K; 120-Cl, choline 
7 18 m 0-12 74-5 0-70 
8 20 s 0-10 93 0-75 
ll 19 8 0-4 96 1-22 
13 20 8 0-30 102 1-24 
10 19 q 0-20 126 1-34 
9 19 q 0-10 134 1-09 
6 21 m 0-10 138 1-07 
12 20 s 1-0 148 1-85 
Mean 114 1-16 
Group II, 10-K — 2-5-K; 120-Cl, Na 
4 21 — 0-19 75 0-8 
14 19 s 0-30 85 1-1 
15 19 s 0-23 87 1-0 
16 20 q 0-2 118 1-0 
25 20 — 0-13 119 1-1 
Mean 97 1-0 
Group ITI, 10-K — 2-5-K; 0-Cl, Na 
23 19 m 0-4 130 2-3 
22 19 m 0-2 137 3-3 
26 19 m 0-3 160 3-6 
Mean 142 3-1 
Group IV, 190-K 3-6-Cl — 2-5-K 120-Cl 
Time in 190-K (min) 
2 21 — 2-3 62 2-6 
4 21 — 7 75 41 
3 21 _- 11 83 37 
5 — — 4°5 83 5-5 
1 20 — ca. 10 122 7-4 
Mean 85 4-7 


Under flow, m (medium) means a flow of about 2 ml./sec, q (quick) about 3 ml./sec and 
s (slow) about 1 ml./sec. In Group IV the potentials were recorded with an agar-Ringer 
electrode and ¢} has been measured without correcting for the junction potential. 


Transient repolarizations produced by variations of [K]o in 
muscles loaded with chloride 

Figure 7, record A, illustrates the effect of changing from 95-K 30-Cl 
to 2-5-K 214-Cl in a fibre which had been equilibrated for several hours 
in the former solution. The change in membrane potential, which was 
almost exactly that calculated for a chloride electrode, took place in two 
stages. There was first an initial rapid step of 10 mV and later a slower 
repolarization of 40 mV lasting about 5 sec. In other experiments it was 
shown that these two components could be separated by making the 
change in two steps, using the sequence 


95-K 30-Cl > 95-K 214-Cl 
95-K 214-Cl + 2-5-K 214-Cl. 
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The increase in chloride then gave the rapid 10 mV step and the decrease 
in potassium gave the slower 40 mV repolarization. The reason why 
increasing chloride gave only a small step is that the fibre was kept de- 
polarized by the high external concentration of potassium. It was not 
until the potassium concentration was reduced that external chloride ions 
could establish their equilibrium potential. 

















A = = mV 
30-c1 7 214-€1 5 
4s 
95-K|25-K 
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C1 C2 mV 
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Fig. 7. Effect of varying [K], and [Cl], simultaneously, A, or separately B1, B2, 
Cl and C2. Fibre 20, 75y, 20° C, equilibrated in 95-K 30-Cl (83 mm-SO, and 
147 mM-sucrose). The tonicity of all solutions was 1-75 times Ringer’s fluid. 


In the experiment of Fig. 7 we were not primarily concerned with the 
changes which have just been described but with the alternative sequence 


95-K 30-Cl — 2-5-K 30-Cl (record B1) 
2-5-K 30-Cl — 2-5-K 214-Cl (record B2). 


The first change, record Bl, gave a transient repolarization, but after 
15 see the potential in 2-5-K 30-Cl was the same as in 95-K 30-Cl. The 
reason is that in 2-5-K there is a large outward driving force on the po- 
tassium ions and that the potassium permeability is reduced to a low 
value. At intermediate potassium concentrations, for instance, 25 mM, 
the potassium permeability is higher than in 2-5 mm-K and the resting 
potential is larger (V more negative) than in either 95 mm-K or 2-5 mm-K 
(Hodgkin & Horowicz, 1959, p. 146). Setting aside record B1 for the 
moment, records A and B2 can be reconciled by assuming that chloride 
ions can reach certain parts of the membrane more rapidly than potassium 
ions can leave the sites at which they act. Chloride ions did not restore 
the membrane potential at once in A because ‘external’ potassium ions 
were still present near the K-sensitive sites. In record B2 potassium ions 
had already been washed out, so chloride ions exerted their effect in a 
rapid manner. 
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Having dealt with this point the transient repolarization in B 1 (Fig. 7) will 
now be considered. Records C2 and C1 show that there was a transient 
repolarization when [K]. was suddenly increased from 2-5 to 95 as well as 
when it was suddenly reduced from 95 to 2-5. A possible explanation of 
both transients is that the resting potential was higher (V more negative) 
at potassium concentrations between 2-5 and 95 than it was in either 
solutions and that as the local concentration passed through the inter- 
mediate region it gave a temporary repolarization. 
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Fig. 8. Effect of changing [K], at constant [Cl], (30 mm) on the internal potential 
of a fibre equilibrated in 50-K 30-Cl. C—F were obtained 80 min after A and B. 
The transients in A—~B would probably have been smaller if they had been measured 
at the same time as C—F. From the same experiment as Fig. 12 of Hodgkin & 
Horowicz (1959). The points were obtained by measuring greatly magnified project- 
ions of the original records. Fibre 28, 134, 22° C. 


Figure 8 supports this explanation. This fibre had been equilibrated in 
50-K 30-Cl and in A and B the effects of the change 50 — 2-5-K or 
2-5 + 50-K were recorded. As in the previous example, there were 


transient repolarizations after both changes but no permanent displacement 
of membrane potential. Curves C—F, which give the effect of the changes 
50 + 25 > 2-5 > 25 > 50-K, show that in 25-K the resting potential 
was higher than in the other two solutions. Since the steady rise in resting 
potential at 25-K was greater than the transient repolarizations in the 
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changes 50-K > 2-5-K or 2-5 — 50-K, it is plainly reasonable to attribute 
the transients to the presence in a local region of concentrations inter- 
mediate between those in the two solutions. The maximum change in 
potential during the transient should not be larger than the steady rise 
at the optimum potassium concentration, but it might well be smaller 
since it is unlikely that potassium would be lost at the same rate from all 
sites. 

An interesting point illustrated by Fig. 8 is that the depolarization in D is slower than 
the repolarization in Z. This is the reverse of the usual situation, in which depolarizations 
are quicker than repolarizations, but the result is in keeping with the conclusion that the 
local potassium concentration rises more rapidly than it falls. In other words the asymmetry 
between the on- and off-effects of potassium depend more on the direction of the change 
in potassium concentration than on the direction in which the membrane potential is altering. 


The conclusion fits with the observation that the transient repolarization associated with 
the change 2-5 — 50-K is quicker than that associated with the converse change. 


Quantity of K+ retained near membrane 


A partial explanation of the slowness of the response to a reduction of 
[K]o is that appreciable quantities of external K* are retained in a special 
region just outside the K-selective parts of the membrane. A minimum 
value for the quantity of K+ in this region can be calculated by a method 
which will be illustrated by Fig. 6, record F. In this experiment a fibre 
which had been in 95-K 214-Cl for 104 sec was suddenly exposed to 2-5-K 
214-Cl. The fibre repolarized from — 32 to —64 mV with a time constant 
of about 2 sec. From other measurements it is known that in an experi- 
ment of this kind a fibre repolarizes to the chloride equilibrium potential, 
VY (Hodgkin & Horowicz, 1959). It has also been shown that chloride 
movements agree with the constant field equation and that P, is about 
4x 10-* cm/sec. (The value found in this particular experiment was 
3-8 x 10-* cm/sec.) Since V is known from the record, it is possible to 
calculate the rate at which Cl- enters the fibre as a function of time. 


The equation used was 
VF (1—eVa-MF/RT 
Ma =hy [Cl]o RT a steal ’ (1) 


where M,, is the flow of chloride into the fibre in pmole/em*sec, V is the 
internal potential, Y, is the chloride equilibrium potential which is taken 
from the final level at the end of the record, Pi, is the chloride perme- 
ability (4 x 10-6 cm/sec) and the other symbols have their usual significance. 

The total quantity of chloride which enters the fibre during the period 
after the change in solution was then obtained by numerical integration as 


final 
Qa = [- M, dt. (2) 








4 5 
3 Solution 1 Solution 2 6 8 

1 2 Time in a OF —_- —_—_— 7 Qeil =Qx) Fractiq 
Fibre Diameter solution 1 [K], [Cl], ({K], [Cl], V; V, th calculated _ of fibn 
reference (#) (min) (mm) (mm) (mM) (mm) (mV) (mV) (sec) (pmole/em*) volum 
6 138 0-10 10 120 25 120 — 75 -—94 1-1 50 0-020 
6 138 0-10 20 120 25 120 - 59 — 86 16 133 0-0022 

6 138 0-10 30 120 25 120 — 475 -7 15 173 06-0018 

7 745 0-12 10 120 25 120 - 70-5 — 92 0-7 38 0-0027 

7 74:5 0-15 20 120 25 120 — 58 — 89 0-7 73 0-022 
15 87 0-23 10 120 2-5 120 — 725 — 93 1-0 52 0-0082 
25 119 0-13 10 120 2-5 120 — 725 — 93 1-1 65 0-0029 
21 132 1-7 95 214 25 214 — 32 — 64 1-7 617 0-0020 
20 75 215* 95 25 214 — 235 - 715 20 1000 0-0058 
18 135 240* 95 3-6 25 214 - 21 — 84 4:3 1856 0-059 
2 62 2° 190 3-6 25 120 -5 — 86 2-6 885 0-0030 

3 83 11 190 3-6 25 120 +6 — 83 3-7 1430 0-0037 
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In the experiment of Fig. 6, record F, Q,, came to 617 pmole/cm?. Of this 
at most 4 pmole/cm*? were required to charge the membrane capacity; 
the remainder was presumably balanced by an inward movement of K+ 
from the special region near the membrane. There should therefore have 
been at least 613 pmole/cm? of K+ in the special region. This quantity is 
a minimum because some K* should also diffuse from the special region 
into the external solution. If the initial and final concentrations of Kt 
in the special region are assumed to be the same as those in the external 
solution it is possible to calculate the minimum volume of the region as 


Qx/{[K]initian os [K]anai}- 


For the experiment which has just been considered, the minimum volume 
of the special region was found to be 0-002 of the fibre volume. Values 
obtained in eleven other experiments varied between 0-0018 and 0-0059. 





TaBLeE 2. Calculated entry of chloride during period while fibre is repolarizing 


* In these cases other solutions besides 1 were employed for some of the time but the 
fibre was depolarized for the period shown. Q,, in column 8 was calculated by eqns. | and 2, 
and is the quantity of Cl per cm? of membrane which should enter the fibre while it is re- 
polarizing. It is assumed that Q,, the quantity of K accompanying Cl, is equal to Qq. 
Column 9 gives the volume required to contain the potassium at the same concentration 
as in the external fluid. 


It will be seen from Table 2 that the largest volumes were observed in 
fibres which had been kept for a relatively long time in solutions of high 
potassium concentration. This is probably not a coincidence since there 
were other indications that the repolarization became unusually slow 
after prolonged immersion in a low-Cl high-K solution. 

On the hypothesis advanced it is possible to estimate how far the 
minimum volume calculated for the special region is likely to be in error. 
When the fibre repolarizes in a chloride-free sulphate solution there should 
be no movement of potassium into the fibre and the rate of repolarization 
should be determined by the rate at which potassium ions diffuse from the 
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special region into the external fluid. Repolarization in sulphate ought 
therefore to be slower than in a medium containing chloride. If the rate 
were much lower, the estimate of the minimum volume should not be 
seriously in error. On the other hand if the two rates were nearly equal 
the actual volume would clearly be much greater than the minimum 
obtained by calculating the quantity of K+ which moves inwards with 
Cl-. Table 1 indicates that the rate of repolarization in sulphate was 2-3 
times slower than in chloride and this result is supported by an experiment 
in which the following changes were compared on the same fibre: 
80-K 0-Cl - 2-5-K 0-Cl 
80-K 0-Cl - 2-5-K 120-Cl. 
In the first case the repolarization was half complete in 10 sec and in the 
second in about 5 sec. From the records it was calculated that the initial 
loss of potassium ions from the special region might oceur 2-3 times 
faster in presence of chloride. The tentative conclusion is that the actual 
volume of the special region might be 50-100 % greater than the minimum 
values in Table 2. 
DISCUSSION 

The experiments described in this paper bring out a number of puzzling 
phenomena for which there is at present no clear explanation. The main 
facts established are, first that chloride ions affect the membrane potential 
of a muscle fibre more rapidly than potassium ions, and secondly that the 
repolarization resulting from a fall in [K], is slower than the depolarization 
resulting from a rise in [K]o. In order to explain the slowness of re- 
polarization it seems necessary to suppose either that some charged 
particle besides K+ and Cl- can have transient effects on the membrane 
potential or that appreciable quantities of K* are retained in a special 
region whose volume is greater than 1/500 of that of the fibre (Table 2). 

In attempting to understand the new observations one naturally turns 
to the evidence about the system of tubules and vesicles which have been 
seen in electron micrographs of skeletal muscle (Bennett & Porter, 1953; 
Edwards & Ruska, 1955; Robertson, 1956; Porter & Palade, 1957). There 
are also the important experiments of Huxley & Taylor (1958) which 
show that highly localized contractions can be obtained if certain sensitive 
spots on the surface of a muscle fibre are depolarized electrically. In frog 
muscle the sensitive spots are at the level of the Z lines and thecontraction 
involves shortening of the I bands in either side of the Z line. The con- 
traction may spread inwards for as much as 10, but does not involve 
adjacent sarcomeres. Huxley & Taylor suggested that their results might 
be explained if some of the tubules were electrically continuous with the 
external fluid and if activation of the mechanical system were brought 
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about by an electrical spread of depolarization along the tubule. As 
Huxley (1959) has pointed out, the simplest form of the hypothesis, in 
which the tubules are open at the external surface, is not supported by 
present evidence from electron microscopy. However, if the tubules were 
closed by an unselective membrane of high permeability there should be 
electrical continuity between the external fluid and the lumen of the tubule. 
If there is electrical continuity, external potassium ions should diffuse into 
the tubules and they might alter the internal potential of the muscle fibre 
by changing the potential difference across the walls of the tubule. The 
action of chloride might be more rapid than that of potassium if Cl- 
exerted its effect on the outer surface of the fibre and K+ had the greater 
influence on the tubular membrane. Since the distance which K* diffuses 
should increase with fibre diameter the hypothesis explains why the time 
constant of repolarization is longer in large fibres than in small. It also 
accounts for the observation that after a short exposure to high [K]po, in 
which K+ should not diffuse far into the tubule, recovery of the normal 
resting potential is quicker than after a longer exposure. A disadvantage 
of the hypothesis is that it does not explain why changes in potential 
produced by a rise in [K]o were more rapid than those associated with a 
fall. The asymmetry may be connected with the curious rectifying pro- 
perties of the potassium channel in muscle (Katz, 1949), but it is difficult 
to go further with this idea until more is known about the rectification. 


SUMMARY 


1. In single muscle fibres the change in membrane potential produced 
by a sudden fall in potassium concentration was found to be slower than 
the change produced by a rise in potassium concentration or by an altera- 
tion of chloride concentration in either direction. 

2. The asymmetry between the on- and off-effects of K+, which was 
observed both in presence and absence of Cl-, was too great to be explained 
by the logarithmic relation between potential and concentration. 

3. The repolarization resulting from a fall in [K], was slower in large 
fibres than in small. 

4. A partial explanation is that potassium ions can be retained for a 
short time in a special region whose volume is tentatively estimated as 
1/500 to 1/200 of the fibre. 
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POTASSIUM CONTRACTURES IN SINGLE MUSCLE FIBRES 


By A. L. HODGKIN anp P. HOROWICZ* 
From the Physiological Laboratory, University of Cambridge 


(Received 20 May 1960) 


It has been known for a long time that muscles can be made to contract 
by raising the potassium concentration in the external medium. In 
skeletal muscles these contractions are difficult to study, because potassium 
ions take some time to diffuse through the interspaces and the contractions 
which they set up are usually transient. The difficulties of interpretation 
become less acute if single fibres are employed; in that case, as was first 
shown by Kuffler (1946), a rise in external potassium concentration causes 
a rapid depolarization and a prompt contraction. The quantitative effects 
of sudden changes of potassium concentration on membrane potential 
have been described previously (Hodgkin & Horowicz, 1959, 1960); the 
present article deals with the effect of similar changes on the tension de- 
veloped by single muscle fibres. For relevant work on whole muscles the 
excellent review of Sandow (1955) should be consulted. 


METHODS 


All the experiments were carried out with single fibres from the semitendinosus muscle 
of Rana temporaria. The apparatus and method of recording have been described in previous 
articles (Hodgkin & Horowicz, 1959, 1960). The only additional item of equipment was a 
device for changing solutions rapidly. In the method described previously, solutions were 
allowed to run into the cell from reservoirs at a height of about 50 cm above the cell; the 


flow obtained with this method was 1-3 ml./sec and the mean velocity in the channel con- ° 


taining the fibre was 10-30 cm/sec. In some of the present experiments (Fibres D, E, F 
in Table 1 and Figs. 1 and 2) the reservoirs were replaced by large syringes (internal diameter 
2-1 cm) whose plungers were driven by pistons operated by compressed air between stops 
spaced 0-7 cm apart. This forced 2 ml. of solution through the cell in about 0-3 sec. Tests 
with dyes showed that the solution in the cell (volume about 0-3 ml.) was fully changed in one 
flush. The rate of flow (about 60 cm/sec) produced by the piston-operated syringes was 
too high for the experiments in which the membrane potential was recorded and most of 
the results described here were obtained with the original method. 

Solutions were made up on the same lines as those described previously (Hodgkin & 
Horowicz, 1959, Table 1). When using relatively short exposures to high [K],, [Cl], was 
generally kept at its normal concentration of 120mm. For longer exposures solutions of 
constant [K] [Cl] product were employed, in order to avoid loading the fibre with Cl. : 


* Present address: Department of Physiology, Washington University, St Louis, 
Missouri, U.S.A. 
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RESULTS 
The relation between potassium concentration and peak tension 


The muscle fibres used here were of the quick, phasic type and did not 
give maintained contractions when depolarized with high potassium 
concentrations. The way in which the muscle relaxes in high [K]o will be 
described later; to begin with we shall consider the effect of relatively 
short exposures in which the contraction was cut short by a return to 
low [K], and not by a spontaneous relaxation. Figure 1 shows the effect 
of different potassium concentrations on the tension generated by the 


























15mm-K 
20 mm-K 20 mm-K 
es eee qa GE — 
25 mm-K 25 mm-K 
in 
PO kg SO en 
30 mm-K 30 mm-K 
- =, 
| \ / 
50 mm-K 50 mm-K 
Py te, 
3kg/em? -_ 
J a ° 
100 mm-K 
i 
L 
: \ 
tl 1 i 1 — 
0 10 20 30 40 
Seconds 


Fig. 1. Tension resulting from brief applications of potassium concentrations, 
varying between 15 and 100 mm-K, to fibre in choline-Ringer’s fluid. Fibre £, 
diameter 88 », temperature 16-5° C; Na-free solutions containing [K +choline] = 
120 mm, 121 mm-Cl 1-8 mm-Ca, 1-5 mm phosphate buffer. The potassium con- 
centration at the beginning and end of each record was 2-5 mm. The breaks in 
the record, which were caused by the sudden flow of fluid through the cell, mark 
the times at which high [K], was applied or removed. The fibre was allowed to 
rest for 7-10 min between contractures. The order of the records was 20-50 mm 
(left-hand column), 100-15 mm (bottom, right-hand and top). The fibre was 
stretched to 1-28 times slack length, giving a measured sarcomere distance of 
2-7 p. 


25-2 
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fibre; solutions were made up with choline instead of sodium, so there were 
no action potentials or twitches when [K], was increased. Contractions 
began at 20 mm-K, reached half their maximum at 25 mm-K and were 
nearly maximal at 50mm-K. In this fibre the maximum tension at 
100 mm-K was 3-0 kg/cm? and was 11% greater than that produced by a 
125/sec tetanus in Na-Ringer’s fluid. Table 1 shows that similar values 
were obtained in other experiments. 


TaBLE 1. Maximum tension developed in tetani and contractures 








Fibre Sarcomere . tension | __tension | 
Fibre diameter length Temperature 50/sec 125/sec percm? Tetanus tensij 
reference (p) (p) (°C) ——_ kg/cm? > (125/see) 
3-7 4-0 4-4] 
B 71 _ 20 2-7 2-8 3-4 
3-3 
3-3 
3-3 | 
3-4 1-13 
3-3 
3-3 
2-9 3-1 3-3 
D 98 2-8 18 3-1 3-2 3-6) 1-07 
3-3 3-5 —Jf 
E 88 2-7 17 2-3 2-6 “4 ill 
2-6 2-8 — 
F 73 2-7 19 2-8 3-2 3-5) ' 
3-3 3-3 —j = 
J 80 (2-5) 20 3-6 3-8 4-1 
4-1 1-08 
4-1 


Contractures were induced with 100 mm-K, 120 mm-Cl in D, E, F and with 190 mm-K, 
2-4 mm-Cl in A, B, J. 

The sarcomere distance was measured after the experiment by stretching the fibre to 
the experimental length in a cell in it which could be observed with a water-immersion 
objective. The sarcomere length in J is based on the fact that this fibre was stretched to 
1-20 times slack length, whereas D, E and F were stretched to 1-35, 1-28 and 1-28, respectively. 
Diameters are means of several measurements including major and minor diameters; 
errors in cross-section might be + 20 % but this does not affect the final column. 


The relation between tension and log [K], is given by the circles in 
Fig. 2. In the lower part of the curve the tension increased extremely 
steeply with potassium concentration, the tension at 25 mm being about 
5 times that at 20 mm. 

The records in Fig. 1 show that the tension rose with a long delay along 
an S-shaped curve when [K], was raised to 20 or 25 mm, but dropped 
abruptly when 2-5 mm-K was restored. With 100 mm-K the situation was 
reversed, for the tension rose rapidly but did not drop at once when 
2-5 mM-K was restored. These effects are probably explained by the 
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combined action of a delay in the response of the membrane potential to 
a change in [K]o and a very steep relation between membrane potential 
and tension (p. 393). 

There was a slight difference between the contracture thresholds in 
choline- and in Na-Ringer’s fluid. Tension log [K], plots indicated that 
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Fig. 2. Relation between peak tension and potassium concentration or membrane 
potential. ©, Fibre EZ, tension only. +, Fibre G, tension only. x, Fibre G, 
tension and membrane potential. The numbers attached to the lower scale are 
the internal potentials measured at the same time as the tension. The scale for the 
potassium concentration is logarithmic and for potential is approximately linear, 
the difference in scale corresponding to 45 mV for a tenfold change. Choline- 
Ringer’s fluid with K replacing choline. Fibre Z, diameter 88 1, maximum tension 
3-0 kg/cm?, temperature 16-5° C. Fibre G, diameter 75 1, maximum tension 4-0 kg/ 
em?, temperature 18° C. 


in the presence of Na+ the curve was shifted to the right by a factor of 
about 1-2. For example, 25 mm-K choline-Ringer gave roughly the same 
tension as 30 mm-K Na-Ringer. The effect is in the same direction, but 
much smaller, than that observed in heart muscle by Liittgau & Nieder- 
gerke (1958). 


The relation between membrane potential and tension 


Figure 3 illustrates some simultaneous recordings of tension and mem- 
brane potential. Contractions began at a potential of about —54mV 
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(25 mm-K) and were nearly maximal at — 46 mV (40 mm-K). The relation 
between tension and membrane potential is shown by the crosses and the 
lower scale in Fig. 2. Figure 4 shows that a small increase in depolarization 
produced measurable tension and that this was suppressed by a small 
decrease in depolarization. 
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Fig. 3. Simultaneous recording of internal potential (upper trace) and tension 
(lower trace) showing effect of brief application of potassium concentrations 
varying between 10 and 40mm to fibre in choline-Ringer’s fluid containing 
2-5 mm-K. The record in 30 mm-K was taken immediately after that in 25 mm-K 
and this may have reduced the size of the mechanical response; earlier measure- 
ments, in which the fibre was allowed to rest between contractions, gave 3-4 times 
more tension in 30 mm-K than in 25 mm-K. Fibre G, diameter 75 », temperature 
18°C. Na-free solutions with [K]+ [choline] = 120 mm, 121 mm-Cl, 1-8 mm-Ca, | 
1-5 mm-phosphate buffer. The tension record has been slightly retouched. 


The sharpness of the contractile threshold 


If the latency and slow rise of tension depend solely on the time taken 
by the membrane potential to pass through a critical region, a comparison 
of tension and potential during the rising phase of a contracture should 
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give the relation between the two variables; for short contractures the 
same relation ought to hold for the sudden relaxation associated with a 
reduction of [K]o. These measurements could not be carried out in a 
direct manner because the onset of contraction was associated with 
irregularities in the recorded potential. Figure 5 illustrates the procedure 
adopted. Curve A gives the membrane potential for the sequence 
10 + 20 > 10 mm-K, and B the potential for 10 > 30 > 10 mm-K;; the 
latter resulted in a substantial rise in tension which is shown in curve b. 
Curve B* was drawn on the assumption that the irregularities in B were 
errors and that the internal potential rose smoothly towards the steady 
value determined by the potassium concentration. Since the micro- 
electrode was jerked out of the fibre at the end of the period in 30 mm-K, 
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Fig. 4. Effect of sudden changes in potassium concentration on internal potential 
(upper trace) and tension (lower trace), Fibre H, diameter 119, temperature 
18°C, sulphate solutions containing 8 mm-CaSO, and [Na+K] = 83 mm (see 
Hodgkin & Horowicz, 1959, Table 1, solutions D and Z). At 51 and 75 sec the 
solution already in the cell was flushed through for a second time. The tension 
developed in 20 mm-K was 4 % of the maximum contraction tension (3-2 kg/cm?). 
The record was taken several minutes after impalement and the resting potential 
in 2-5 mm-K had declined 7 mV during this period; 2 hr earlier the resting potential 
was 95 mV. The changes in tension and potential produced by replacing 15 with 
20 mm-K are best seen by looking along the record. 


the repolarization phase of B* had to be inferred from the repolarization 
observed in record A. If the tension in the initial part of curve b is plotted 
against membrane potential, it is found that each millivolt increase in 
depolarization is associated with an elevenfold rise in tension. This is illus- 
trated by the circles near the tension record, which were calculated on 
the assumption that tension oc exp(V/0-417). The same equation gave an 
approximate fit to the phase of relaxation at the end of the period in 
high [K]o. Similar results were obtained in two other experiments, but 
the value of the exponential constant was somewhat higher, the mean in 
the three experiments being 0-7 mV. This figure is subject to large errors, 
but it is clear that the tension generated in the region of the mechanical 
threshold is acutely sensitive to small changes in membrane potential. 


Absolute value of the contractile threshold 


In five experiments with fibres equilibrated in choline-Ringer’s fluid, 
the critical potential for development of measurable tension was found to 
average —54 mV (range from —48 to —58 mV). Similar measurements 
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were not made with ordinary Ringer’s fluid because the fibres often gave 
a twitch when [K], was increased ; this would have damaged the membrane 
if the electrode had been inserted. Since about 20° more K was required 
to give a contracture in Na than in choline solutions the critical potential 
in the presence of Na may be taken as about —50 mV. Critical potentials 
of from —40 to —45 mV were obtained in fibres which had been equi- 
librated in sulphate solutions containing 10 mm-K and 70 mm-Na; these 
fibres had resting potentials of —65 mV instead of the usual — 95 mV. 
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Fig. 5. Simultaneous records of membrane potential (A, B) and tension (a, 5). 
The changes in solution were 
Aa: 10 + 20 > 10 mu-K (0-Cl) 
Bb: 10 + 30 + 10 mm-K (0-Cl). 
In A 20 mm-K was applied for 20 sec and the gap in the record represents 14-5 sec. 
In B 30 mmu-K was applied for 3 sec. The micro-electrode was jerked out of the 
fibre when relaxation started. Curve B*, which is based on B and A, gives the 
assumed time course of the membrane potential. The circles against the tension 
curve b were calculated from B* by the equation 
V+40 
a9 Pls the 
T = 0-284 exp 0417’ 

where 7’ is tension per unit area in kg/cm? and V is the internal potential in mV. 
Fibre K, diameter 117 », temperature 20° C, sulphate solutions as in the experi- 
ment of Fig. 3. Another record showed that the tension in 30 mm-K reached 
@ maximum value of 3-2 kg/cm? and that with a maintained exposure to 30 mu-K 
the duration of the contracture was about 20 sec. 


The time course of the contraction during a maintained depolarization 

As is to be expected in a phasic muscle, the contraction was not main- 
tained when the fibre was depolarized for periods longer than 5—30 sec. 
Figure 6 shows simultaneous recordings of membrane potential and tension 
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during a contraction produced by high [K]o. The record starts with the 
fibre in a solution containing 190 mm-K and 3-6 mm-Cl; the membrane 
potential was close to zero. The fibre contracted when first put into high 
[K]o but had relaxed completely before the beginning of the record. On 
applying Ringer’s fluid (2-5 mm-K, 120 mm-Cl) the fibre repolarized to 
about —90 mV. After 43 sec in Ringer’s fluid, 190-K 3-6-Cl was again 
applied ; the membrane potential fell rapidly to zero and the fibre developed 
a peak tension of 4-3 kg/em*. The contraction was not maintained and 
after a few seconds the fibre was fully relaxed, in spite of the fact that the 
membrane potential remained close to zero. 
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Fig. 6. Simultaneous records of membrane potential and tension for following 
changes in solution 
190 mu-K 3-6 ma-Cl -> 2-5 mm-K 120 ma-Cl > 190 mu-K 3-6 mm-Cl. 


The peak tension developed was 4-3 kg/cm?. In this experiment the internal potential 
was recorded against an agar-Ringer electrode in the external solution. The 
dotted lines allow for the junction potential. (In the other experiments illustrated 
the effect of the junction potential was small or was eliminated by recording with 
a 3 M-KCl electrode in the external solution.) The fibre was impaled at zero time. 
On reapplying Ringer’s fluid after the end of the record the fibre repolarized to 
—75 mV, showing that the electrode had not been dislodged by the contraction. 
Fibre C, diameter 62 », temperature 21° C. 


A characteristic feature of the contractures recorded from single muscle 
fibres is the rather sudden transition from a plateau, in which the tension 
fell slowly, to a rapid exponential phase of relaxation (Figs. 6, 7, 9 and 10). 
Occasionally the tension was constant during the plateau but a gradual 
decline was more usual. A decline in tension comparable to that in the 
plateau of the contracture was also seen if the fibre was stimulated at 
50 or 125/sec for more than a second. This gradual decline took place 
before the irregular fall in tension resulting from failure of action potentials 
had begun. 

Another interesting point about the contractures produced by high [K]o 
is that the duration of the plateau and the time constant of the phase of 
relaxation both shortened progressively as the potassium concentration 
was increased from 50 to 190 mm (Fig. 7). 
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A tentative explanation of the plateau and of the shortening of the 
contracture with increasing [K], can be given in the following way. 
Suppose that depolarization releases an activator which is destroyed in a 
first-order reaction with a rate constant of about 30 sec-!. A very brief 
depolarization of an action potential might then give a twitch lasting 
30-100 msec, whereas a maintained depolarization would lead to acon- 
traction lasting until the precursor of the activator was nearly exhausted. 
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Fig. 7. Tension resulting from sudden applications of high [K], and low [Cl]p. 
The chloride concentration was (300/[K],) mm, except with [K], = 190mm 
where there was 2-5 mm-Cl; solutions were of the constant K, Cl product type 
(see Hodgkin & Horowicz, 1959, Table 1, F and G). Potentiais were taken from 
Fig. 4 of that paper. The high-K low-Cl solutions contained some Na, but twitches 
were prevented by keeping the fibre in choline-Ringer’s fluid (2-5 mm-K, 120 mm- 
Cl) before switching on the test solution. Fibre J, diameter 106 », temperature 
21° C. 


Since the depolarization produced by potassium concentrations greater 
than 50 mo is greater than the mean depolarization in a train of action 
potentials at a frequency of 100/sec, one would expect high potassium 
concentrations to raise the concentration of activator above the level 
required to saturate the contractile mechanism. On this basis the duration 
of the plateau is the time for the concentration of activator to fall from 
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a supramaximal to a maximal value, and the duration of the relaxation 
phase is the time for the concentration to fall from a maximal to a threshold 
value (Fig. 8). High potassium concentrations might shorten the con- 
tracture by promoting the rate of liberation of the activator from its 
precursor and by reducing the rate at which the precursor is resynthesized. 
If something like this is correct it should be possible to shorten the plateau, 
or to eliminate it altogether, by reducing the amount of precursor. 


Potassium 
concentration 








phatrnctiol 





Precursor (P) 


=i} °- “\=> — Seowration 
= — Threshold 





Activator (A) 
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End-product (E) 
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Fig. 8. Diagram showing rise and fall of hypothetical ‘activator’ during a potassium 
contracture. The curves are drawn as 
Precursor (P) = e-*'; 
a 
B-—« 
End product (Z) = 1—(P+A4), 
where B = 30 sec-!; « = 1 sec-'. Scale for (A) 29 times that for (P) or (HZ). The 
equations were obtained by neglecting back reactions in the system: P*,A?, E. 


Activator (A) = (e-at — e-Bt) ; 





Figure 9 illustrates an experiment suggested by this hypothesis. Curve Al 
shows the tension produced by applying 100 mm-K to a fibre which had 
been equilibrated in Ringer’s fluid (2-5 mm-K), whereas A2 shows the 
effect of applying 100 mm-K after the fibre had been recovering for a 
relatively short time (38 sec) in Ringer’s fluid. It will be seen that the 
second contraction is smaller, that it had no plateau and that it could be 
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superposed on the falling phase of the first contraction. These findings 
agree well with the idea that relaxation depends on the exhaustion of a 
store of activator, but could no doubt be explained in other ways, for 
example, by assuming a constant level of activator and the slow develop- 
ment of an inhibitory process. Similar results were obtained in a series 
of experiments with a higher potassium concentration (190 mM), provided 
the first exposure to high [K]o was short (Fig. 9B). However, if the first 
exposure was long, the relaxation after the second contraction was more 






o-mw- Nw su“ 
kg/cm? 





100 |2-Smm-K 
rs 25 1 100 | 
a A2 === 
25 | 100 100 | 2-5mm-K 
190 
25 j mm-K B1 
190 199 mm-K B2 











m~\c1 “73 
1 \ 
\ —f 
' . Dep 
' \ Ac2 — 
! 1~ 
\ | 
C¢ ------- t o 
25 (190  25|190mm-K 
C1 C2 
LLLIELILILILI LILI III III III III 
0 10 20 30 


Seconds 


Fig. 9. Comparison of contractures produced by applying high [K] to resting 
fibres and to those recovering from previous exposure to high [K]. 

A. Fibre diameter ca. 50, temperature 20°C. A1, effect on resting fibre of 
replacing 2-5-K 120-Cl with 100-K 120-Cl. A2, same change in solution but 
applied when the fibre had been recovering in 2-5-K 120-Cl for 38 sec after removing 
100-K in record A 1. 

B. Fibre diameter 71 », temperature 20° C. The potassium concentrations are 
shown on the figure. The 2-5-K solution was Ringer’s fluid (120-Cl) and the 190-K 
was an isotonic sulphate solution containing 3-6 mm-Cl. 

C. Same fibre and solutions as B. C1, application of 190-K 3-6-Cl to resting 
fibre. C2, application of 190-K 3-6-Cl to fibre recovering from C1 (115 sec in 
190-K 3-6-Cl followed by 18-5 sec in 2-5-K 120-Cl). 
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rapid than after the first (Fig. 9C) and the two curves were no longer 
superposable. Another example of the difference between the effects of 
long and short exposures to high [K], is mentioned on p. 400. 


The ‘steady’ relation between membrane potential and 
the state of the contractile system 


When single fibres are immersed in high [K], they contract and then 
relax completely. On returning them to low [K]. they repolarize, and 
after a short time (usually 5-30 sec) they give a second contraction when 
reimmersed in high [K]o. The return of the contractile system or its 
activating mechanism to a resting condition will be referred to as the 
priming or repriming of the system and the converse process which causes 
relaxation in high [K]o will be said to make the fibre mechanically 
refractory. 

The question considered here is the steady relation between the potassium 
concentration (or membrane potential) and the extent to which the 
contractile system is refractory. The experimental procedure is illustrated 
by Fig. 10. The contractures on the left were obtained by applying 190mm-K, 
2-5 mm-Cl after the fibre had rested for 10 min in Ringer’s fluid. Im- 
mediately after these contractions the fibre was immersed for 1 min in a 
test solution containing mMm-K and (300/x)mm-Cl (see Hodgkin & 
Horowicz, 1959). After 1 min in the test solution 190 mm-K was applied 
for a second time. If the potassium concentration in the test solution was 
low the fibre contracted and the size of the second contracture was taken 
as an index of the amount of restoration. The records showed that there 
was no restoration in 40 mm-K, a little in 30 mm-K and practically complete 
recovery in 20, 10 or 2-5 mm-K. The reason for choosing an equilibration 
time of 1 min in the test solution was that recovery in 2-5 mm-K was very 
nearly complete in that period and that with a solution such as 30 mm-K 
the restoration reached a maximum at about 1 min and then underwent 
a slow decline. The decline may perhaps be a result of the very large rise 
in oxidative heat production which occurs when muscles are immersed in 
solutions containing 20-30 mm-K (Hill & Howarth, 1957). 

Figure 11 gives the relation between the potassium concentration and 
the state of the contractile system. Probable values of the membrane 
potential are given by the lower abscissa. The filled circles are the height 
of the second contraction and the crosses the areas under the second 
contraction. The latter are considered to be a better index of the extent 
to which the contractile system has been restored. It will be seen that 
curve 3, which runs through the crosses, is a mirror image of the relation 
between membrane potential and initial tension (open circles, curve 1). 
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The initial-tension curve was obtained in the usual way by starting with 
the fibre in 2-5 mm-K, switching on z mm-K and measuring the height of 
the contraction in this solution. 
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Fig. 10. Effect of allowing fibre to recover for 1 min in solution containing 
2mm-K and (300/z) mm-Cl on tension resulting from second application of 
190 mm-K. The sequence of solutions was: 2-5-K 120-Cl; 190-K 2-5-Cl; z-K (300/z)- 
Cl; 190-K 2-5-Cl. All records were at the same gain; the peak tension in the 
first contracture was 4-1 kg/cm*. Fibre J, diameter 80 u, temperature 20° C. 


Recovery of twitches and repriming of the contractile system 
after a period in high [K]o 
Figure 12, record A, shows the effect of applying 190-K 3-6-Cl for 60 sec 
during a period when the fibre was being stimulated steadily at 0-78 shocks/ 
sec. The twitches were abolished by the high-K solution and did not 
reappear until 11 sec after restoring Ringer’s fluid. The recovery time 
varied with the duration of the exposure to high K; times as short as 
6 sec were observed after exposures of 3 sec, but if 190 mm-K was applied 
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for 3-10 min the recovery time might increase to about 1 min. The re- 
covery time also appeared to grow progressively longer as the fibre 
deteriorated. As one would expect, the recovery was quicker if concen- 
trations lower than 190 mm-K were used to depolarize the fibre. 

It was interesting to know if there was any relation between the recovery 
of twitch amplitude and the repriming of the contractile system. This 
could be done simply by reapplying 190 mm-K during the period when the 
fibre was recovering in 2-5 mm-K. 

Record B in Fig. 12 shows that when 190 mm-K was reapplied at a time 
when the twitch had nearly recovered it gave full tension but a contracture 
which was shorter than normal. Record C shows that when 190 mm-K was 
reapplied before the twitches had appeared it gave no contracture and 
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Fig. 11. Relation between potassium concentration and initial tension (curve 1) 
or degree of restoration (curves 2 and 3). 

The abscissa gives the potassium or chloride concentrations of the test solution 
on a logarithmic scale. The lower scale, which is approximately linear, gives 
probable values of membrane potential, taken from Fig. 4 of Hodgkin & Horowicz 
(1959). A correction for activity coefficient has been made in plotting the right- 
hand point (190 mm-K 2-5 mm-Cl) on the potassium scale. 

For curve 1 (CQ) the ordinate is the initial tension on increasing K from 2-5 to 
xz mM, relative to the maximum tension of 4 kg/em*. (Except for the right-hand 
point [K] [Cl] = 300 (m™)* throughout.) 

For curve 2 (@) the ordinate is the tension in 190 mm-K 2-5 mm-Cl after 1 min 
recovery in x mm-K (300/z) mm-Cl. 

For curve 3 (x) the ordinate is the area under the tension—time curve for the 
same contractures as in curve 2. The ordinates in curves 2 or 3 are given relative 
to the peak tension or area in the first contraction. Experimental details as in 
Fig. 10. 
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that when the twitch was small the contracture was small and brief. The 
conclusion is that the ability to give both twitches and contractures 
depends on the same underlying process. 

One possible explanation of the simultaneous recovery of twitches and 
contractures is that the action potential recovers quickly and that both 
twitches and contractures are limited by the disappearance of the state of 
mechanical refractoriness. If this were so, there should be a large spike 
at a time when the fibre is still unable to contract. The expectation was 
not fulfilled, for all fibres tested were found to remain electrically in- 
excitable as long as they were mechanically quiescent. The first electrical 
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Fig. 12. Records of tension during twitches and contractures. The fibre was 
stimulated throughout at 0-78/sec with a shock which was well above threshold 
in Ringer’s fluid. The external solution was either Ringer’s fluid (2-5 mm-K, 120 
mmM-Cl) or 190 mm-K, 3-6 mm-Cl. All records at the same gain; the peak tension 
in the first contracture was 3-2 kg/cm*. Fibre B, diameter 71 », temperature 20° C. 


responses, which were greatly reduced in amplitude and probably decre- 
mental, appeared at the same time as the first twitches and both then grew 
in amplitude. The delay in recovery of the spike was partly due to the 
slow return of the resting potential (Hodgkin & Horowicz, 1960) but this 
was probably not the full explanation. After being kept 10 min in 190-K 
3-6-Cl two fibres remained inexcitable for about 1 min in 2-5-K 120-Cl, 
although a resting potential of 70-80 mV was established in 20—30 sec. 
Apparently exposure to high [K]. has some slow effect which can persist 
for a minute or two and which impairs both the electrical and the mechanical 
response of the fibre. It is unfortunate that shortage of time and the 
difficulty of the experiments prevented us from making any proper 
investigation of this phenomenon. 
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DISCUSSION 


The size and rapid onset of the maximal potassium contractures in 
single muscle fibres strongly supports the conclusion of Kuffler (1946), 
Sten-Knudsen (1954) and Sandow (1955) that the event which normally 
induces contraction is a change of membrane potential rather than a 
longitudinal current. With the present method there might be small 
longitudinal currents during the fraction of a second required to change 
solutions, but at longer times any longitudinal currents should be ex- 
ceedingly small compared with those in the propagated impulse. Never- 
theless, the tension generated with high [K], in an Na-free solution can 
remain for several seconds at about the same level as that in a maximal 
tetanus. Since the fibre relaxes when [K] is reduced and since a maximal 
contraction can be repeated many times, it cannot be argued that any 
irreversible effect is involved. 

The observation that the maximum contracture tension is about 10% 
greater than the maximal tetanic tension is new but not altogether 
surprising. At 19°C the mean depolarization associated with a 125/sec 
train of spikes is 40-50 mV as against the steady depolarization of 60- 
100 mV produced by 100-190 mm-K (unpublished records and Hodgkin & 
Horowi.z, 1959). A quantitative comparison cannot be made until more 
is known about mechanical activation, but it does not seem unreasonable 
that the steady depolarization should be more effective, in spite of the 
higher peak reached in the train of spikes. 

There seems to be general agreement that in normal muscle fibres the 
strength of current, or the degree of depolarization, required to activate 
the mechanical system is not much greater than the threshold for the 
propagation of excitation (Ramsey & Street, 1938; Kuffler, 1946; Taylor, 
1953). Since the action potential normally arises at a potential of — 45 to 
—60 mV (Fatt & Katz, 1951; Jenerick & Gerard, 1953) our value of about 
—50mV for the contractile threshold is not unreasonable. Although it 
was difficult to obtain quantitative results, our experiments show that there 
is an extremely steep relation between tension and membrane potential 
in the region of the mechanical threshold. A sharp threshold might be 
expected if depolarization started an autocatalytic or regenerative 
reaction. However, there was evidence against any regenerative process, 
for contractures were never ‘all-or-nothing’ and the tension varied con- 
tinuously and reversibly with membrane potential. A possible explanation 
of the steep relation is that there is no appreciable tension until one 
reaction initiated by depolarization overtakes another which has the 
opposite effect. (Something of this kind seems needed to explain latency 


relaxation.) Alternatively it might be supposed that the fibre does not 
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develop measurable tension until many sites have been activated. An 
experiment which ought to be done is to see whether any motion, detectable 
with a high-power microscope, occurs at potassium concentrations which 
are just below the mechanical threshold. 

In the second part of the paper it is shown that contractures produced 
by potassium concentrations greater than 50 mmM consist of an initial 
plateau and a second phase in which the tension falls in an approximately 
exponential manner to its resting value. The durations of the plateau and 
the time constant of the relaxation shorten progressively as the de- 
polarization is increased. It is suggested that relaxation might be caused 
by the exhaustion of an activator, or by the accumulation of something 
produced by the activator, and that the brevity of the contractures in 
high [K]o may be due to release of activator at a rate which is wastefully 
high. 

The experiments show that a fibre which has relaxed in high [K] can 
be restored to a condition in which it is once more able to contract by 
reducing the potassium concentration to less than 30 mm. Restoration of 
the contractile system usually occurs in under a minute and in the steady 
state the degree of restoration is related to membrane potential by an 
S-shaped curve which is roughly the mirror image of the curve relating 
initial tension to membrane potential. A tentative hypothesis is that 
reduction of the normal potential difference across the membrane liberates 
an activator which is used up in generating tension, whereas an increase 
in membrane potential prevents the activator being destroyed and allows 
its concentration in a store to be built up to a high level. 

Our experiments give no information about the localization of the 
hypothetical activator, but from the work of Huxley & Taylor (1958) it is 
conceivable that the electrical effect of the normal resting potential might 
be to concentrate a negatively charged particle in some part of the endo- 
plasmic reticulum (Porter & Palade, 1957; Huxley, 1959). On this basis 
depolarization would start a contraction by allowing an activating particle 
—possibly a negatively charged Ca complex—to move into the main part 
of the muscle, and the duration of the contraction might depend on the 
time taken to exhaust the activator stored in the reticulum. 


SUMMARY 


1. A sudden increase of the external potassium concentration, [K]o, 
from 2-5 to 100 mm-K caused a single muscle fibre to develop a tension of 
2-4 kg/cm? in a fraction of a second. 

2. The maximum contracture tension was about 1-1 times the maximum 


a 


tetanus tension. 
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3. Development of tension started at 20-30 mm-K and was related to 
log [K], or membrane potential by a steep S-shaped curve. 

4. The membrane potential at which contractions started was usually 
about — 50 mV. 

5. The relation between membrane potential and tension was reversible 
and, with fibres in Na-free solutions, there was no evidence of a regenerative 
process. 

6. When [K], was maintained at a high level the tension declined to its 
resting value along a characteristic curve consisting of an initial plateau 
and a subsequent phase of rapid relaxation. 

7. The duration of the plateau and the time constant of relaxation 
shortened progressively as the potassium concentration was increased. 

8. After a fibre had relaxed in high [K], it could be restored to a con- 
dition in which it was once more able to contract by reducing [K]o for 
10-30 sec below 20-30 mm. The degree of restoration was related to log [K]o 
(or membrane potential) by an S-shaped curve with a half-value at 20- 
25 mm-K (or —50 to —45 mV). 

9. When Ringer’s fluid was used to restore a fibre which had relaxed in 
high [K]o, the action potential, twitches and the ability to give contrac- 
tures all returned at about the same time. 
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MECHANICAL RESPONSE OF SINGLE MUSCLE FIBRES 
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This paper is concerned with two experiments suggested by the work of 
Kahn & Sandow (1950) and Hill & Macpherson (1954) on the effect of 
nitrate in prolonging and increasing the twitch of skeletal muscle. Both 
sets of authors concluded that nitrate acted rapidly and that the onset of 
the effect in whole muscle was probably limited by the rate at which anions 
could diffuse through the interspaces. The experiments described here, 
which were carried out with single fibres, support this conclusion by 
showing that the increase in twitch amplitude occurs within a few seconds 
of replacing chloride by nitrate. However, since the effect of nitrate was 
slower than the effect of sodium on excitability, the slight delay observed 
with nitrate cannot be attributed to the time taken to change the ionic 
concentrations immediately outside the fibre. 

A possible explanation of the nitrate effect is that this anion reduces 
the depolarization needed to activate the contractile mechanism. If this 
is correct, the potassium concentration required to give a contracture 
should be reduced by nitrate. Kahn & Sandow (1955), who evidently had 
this idea in mind, showed that substituting nitrate for chloride increased 
and prolonged the contractures produced by 100 mm-K, but they did not 
describe the effect of nitrate on the mechanical threshold. The experiments 
reported here show that replacement of chloride with nitrate reduces the 
potassium concentration required to produce a given tension by a factor 
of 2-2-5. 

METHODS 


The experiments were carried out with single fibres from the semitendinosus muscles of 
Rana temporaria, using the method described by Hodgkin & Horowicz (1959). Except when 
recording membrane potentials, solutions were driven through the cell by syringes operated 
with compressed air (Hodgkin & Horowicz, 1960). 

Ringer’s fluid had the composition given under solution A, Table 1, of Hodgkin & Horo- 
wicz (1959). Br, NO,, I or SCN were substituted for Cl; K was substituted for Na or choline. 


* Present address: Department of Physiology, Washington University, St Louis, 
Missouri, U.S.A. 
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EFFECT OF ANIONS ON MUSCLE 


RESULTS 
The effect of nitrate and other anions on the twitch of single fibres 
The experiments to be considered first were designed to test the method 
of changing solutions and to see whether sodium ions had rapid access to 
the excitable membrane. Record A in Fig. 1, which illustrates the effect 
of flushing through the solution already in the cell, shows that the sudden 
flow of solution caused a slight reduction in the next twitch but that the 
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Fig. 1. Effect of sudden changes in solution on twitch tension. The solutions were 
changed by forcing 2-0 ml. through the cell in about 0-4 sec; the gaps in the record 
were caused by the rapid flow. 

A, Effect of control flush in which the solution already in the cell (Ringer’s 
fluid) was replaced with the same solution; stimulation frequency 1-56/sec. 

B, Effect of replacing Ringer’s fluid containing 120 mm-Na with similar solution 
containing 115 mm choline and 5 mm-Na; frequency 1-56/sec. 

C, Effect of replacing Ringer’s fluid containing 121 mm-Cl with similar solution 
containing 117-5 mm-NO, and 3-6 mm-Cl; stimulation frequency 1-56/sec 

D, E, Consecutive records similar to C but with stimulation frequency of 
0-78/sec. 

The records were taken in the order C, D, E, B, A; shortly before C the tetanus 
tension was 2-9 kg/em*. Fibre diameter 122; fibre stretched to 1-18 times slack 
length; temperature 19° C. 
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reduction was not large enough to obscure the time course of the nitrate 
effect. 

Record B in Fig. 1 shows the effect of an 8 sec application of a solution 
containing 115 mM choline and 5 mm-Na instead of Ringer’s fluid with 
120 mm-Na. Since the train of twitches was interrupted abruptly when 
Na was removed and recovered at once when Na was restored it is clear 
that the solution was changed quickly and that sodium ions had rapid 
access to the membrane. A rough estimate based on measurements of the 
blocking time in 5 mm-Na (about 0-6 sec) and of the concentration of Na 
needed to maintain the action potential (about 20 mm) is that external 
sodium ions disappeared with an exponential time constant of less than 
0-3 sec. 

While investigating the action of Na-deficient Ringer’s fluid containing choline, we came 
across a curious effect for which there is no obvious explanation. As is clear from Fig. 1, 
Record B, the twitch recovered abruptly when Na was restored. However, if the fibre was 
subjected to a brief tetanus immediately after the period in choline-Ringer the tetanus 
tension was less than half its normal value and a full recovery did not occur until 5-10 sec 


after Na had been replaced. Apparently replacement of Na with choline has some additional 
effect which takes longer to wear off than its action on excitability. 


Records C, D and £ in Fig. 1 illustrate the action of NO, on a train of 
twitches; in C the fibre was stimulated at 1-56/sec and in D and E at 
0-78/sec. In this fibre, which had a diameter of 122 1, the exponential time 
constant was 3—4 sec for the on-effect (Cl — NO,) and 2-3 sec for the off- 
effect (NO, > Cl). The mean time constant in five fibres, which had a 
mean diameter of 941, was about 2 sec for the on-effect and about 1-5 sec 
for the off-effect. The time constant sometimes varied during the experi- 
ment and was shortened by stimulation at 1-56/sec for several minutes. 
If allowance was made for the transient reduction in twitch amplitude 
caused by the sudden flow of solution (the reduction was sometimes 
greater than in Fig. 1A) both the on-effect and the off-effect deviated 
from exponentials in the sense that the initial part of the curve was too 
steep. Another complication was that the twitch sometimes increased 
progressively in nitrate and when chloride was replaced it did not return 
to its former amplitude unless the fibre was rested. 

Confirming previous workers (see Kahn & Sandow, 1950) we found that 
the potentiating effect of the anions investigated followed the sequence 
Cl < Br < NO, < I < SCN. Again confirming a previous suggestion 
(Hill & Macpherson, 1954), high concentrations of iodide and more particu- 
larly of thiocyanate were found to cause an increase in twitch amplitude 
which was only partially reversible. The time constant with which the 
twitch height increased appeared to be about the same for all the anions, 
although irreversible effects made it difficult to estimate the time constant 
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when high concentrations of I or SCN were employed. A solution con- 
taining 12 mm-SCN and 108 mm-Cl gave about the same increase in twitch 
height as one containing 120 mm-NQ,. 


Effect of NO, and SCN on potassium contractures 


The most obvious effect of nitrate on contractures was that it reduced 
the concentration at which potassium caused the muscle fibre to contract. 
This is illustrated by Fig. 2. Record A shows the effect of increasing [K]o 
at constant [Cl], from 2-5 to 20 mm-K for 20 sec; there was no appreciable 
contraction. In record C a concentration of 20 mm-K again gave no increase 
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Fig. 2. Effect of replacing chloride with nitrate on tension developed at different 
potassium concentrations. The chloride solutions contained 121 mm-Cl, the nitrate 
solutions containing 117-5mm-NO, and 3-6mmM-Cl. Potassium concentrations 
are shown on the records; [Na]+[K] = 120 mm throughout. Fibre diameter 77 p, 
sarcomere length 3-2 4, temperature 18° C. The scale applies to all records. 


in tension, but on raising the concentration to 50 mm the fibre rapidly 
developed a tension equal to 2-0 kg/cm?. In this fibre, which had been set 
up with a sarcomere length of 3-2, the maximum tetanus tension was 
also about 2kg/cm?. If the potassium concentration had been kept at 
50 mM the fibre would probably have remained contracted for 20-40 sec 
before relaxing spontaneously. Such prolonged contractions often damage 
the fibre irreversibly and should be avoided if possible. The contraction 
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was therefore cut short after 6 sec by lowering [K]o from 50 to 2-5 mm. This 
led to a prompt relaxation. Record B shows the effect of applying 
20 mm-K in the presence of nitrate instead of chloride. Under these 
conditions 20 mm-K gave a maximal contraction which resembled that 
produced by 50 mm-K in the presence of 120 mm-Cl. 

Figure 3 illustrates the effect of NO, in a different way. Starting with 
the fibre in chloride-Ringer’s fluid, [K], was first raised to 20 mm. This 
caused no contraction but on replacing Cl with NO, without any change 
in K the fibre developed substantial tension. In these experiments the 
tension rose and fell with a delay of 1-2 sec; this seems consistent with 
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Fig. 3. Effect on tension of changing from chloride to nitrate at a constant 
potassium concentration of 20mm. Same fibre and solutions as in Fig. 2. In 
other experiments of this kind the peak tension immediately after the change 
NO, — Cl often exceeded the steady tension in NO . 


the conclusion from the twitch experiments that nitrate does not act 
instantaneously. Further evidence was provided by the observation that 
the change 2-5mm-K 120 mm-NO, > 20 mm-K 120 mm-Cl produced a 
transient rise in tension, although 2-5mm-K 120 mm-Cl > 20 mm-K 
120 mm-Cl did not. Presumably the nitrate effect lasted long enough for 
it to cause tension when 20 mm-K 120 mm-Cl was applied. 

Records similar to those in Fig. 3 were obtained in experiments with 
12 mm-SCN 108 mm-Cl instead of 120 mm-NO,. In one of these experi- 
ments all the Na was replaced by choline. Since the result was the same 
it is clear that the action of SCN did not depend on a change in electrical 
threshold or on the presence of Na in the external medium. 

The effects of replacing nearly all the chloride with nitrate, or 10% of it 
with thiocyanate, are illustrated by Fig. 4 (NO,) and Fig. 5 (SCN). The 
results are roughly fitted by assuming that the foreign anion increases 
the effectiveness of potassium by a factor of 2-7 (NO,) or 2-1 (0-1-SCN). 
The apparently greater effectiveness of NO, may be misleading, since the 
fibre of Fig. 4 had a higher potassium threshold in chloride than the fibre 
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of Fig. 5. Incomplete data on another fibre which had a potassium 
threshold similar to that in Fig. 5 indicated that nitrate increased the 
effectiveness of potassium by a factor of 2-0. 
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Fig. 4. Effect of nitrate on tension induced by different potassium concentrations. 
O, 121 mm-Cl; @, 117-5 mm-NO,, 3-6 mm-Cl. Same fibre and solutions as in 
Fig. 2. The numbers show the order in which the measurements were made; the 
fibre was allowed to rest in Ringer’s fluid for 10-20 min between exposures to 
high [K]. Semi-log scale. 


Electrical measurements 


The action of nitrate on the threshold concentration of potassium might 
arise from a shift in the mechanical threshold or from an alteration in the 
depolarization produced by potassium ions. One way of deciding between 
the two possibilities is to measure the membrane potential during experi- 
ments of the kind illustrated in Figs. 2 and 3. This was not easy. Contrac- 
tion of the fibre frequently dislodged the electrode, or, if the electrode 
remained in position, the fibre was often damaged irreversibly. However, 
from the few successful experiments which were carried out it appeared 
that the difference in membrane potential between 20 mm-K 120 mm-Cl 
and 20 mm-K 120 mm-NO, was not more than a few millivolts. In some 
experiments the resting potential appeared slightly higher in nitrate, but 
this may have been an artifact since the resistance of the electrode often 
increased during a contraction and there may have been a change in tip 
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potential. If a change in membrane potential is ignored the shift in the 
tension-log [K], curve indicates that replacing chloride with nitrate 
moves the tension—membrane-potential curve about 15 mV towards the 
resting potential. Tentative figures for the mechanical threshold are 
—50 mV in chloride and —65 mV in nitrate. From measurements with 
applied currents, Hutter & Padsha (1959) concluded that the mechanical 
threshold in nitrate was —65 to —75 mV; they did not measure the 
threshold in chloride but indicated that it was near the electrical threshold 
and therefore probably about —55 mV. 
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Fig. 5. Effect of 12 mm-SCN on tension induced by different potassium con- 
centrations. O, 121 mm-Cl; @, 12mm-SCN 109mm-Cl. Fibre diameter 92 p, 
sarcomere length 3-0 1, temperature 17° C. Semi-log scale. 


The absence of any appreciable change in membrane potential on switching from 20 mu-K 
120 mm-Cl to 20 mm-K 120 mm-NO, is rather surprising. Since the nitrate conductance of 
the membrane is lower than the chloride conductance (Hutter & Padsha, 1959) potassium 
ions should cause a slightly larger depolarization in nitrate. An effect of this kind was seen 
when a fibre which had been in 100 mm-K 120 mM.-Cl for a minute was treated with 100 mm-K 
120 mm-NO,. Under these conditions replacing chloride with nitrate caused a reversible 
depolarization from —25 to —18 mV. These measurements were made shortly after the 
fibre had relaxed and the absence of a similar change at 20 mm-K may have something to 
do with the fact that the fibre was contracted in nitrate but relaxed in chloride. 
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DISCUSSION 


The main results to be considered are that anions like NO, or SCN 
caused a rapid but not instantaneous increase in twitch amplitude and 
that they reduced the concentration of potassium needed to give a 
contracture. The delay of 1-3 sec in the effect of anions on a series of 
twitches was several times longer than that expected from the blocking 
action of Na-free solutions and could not easily be attributed to diffusion 
through an unstirred layer outside the fibre. The alteration in contracture 
threshold appeared to depend mainly on a shift towards the resting 
potential of the curve relating tension to membrane potential. 

Since the order in which the anions act (CNS > I > NO, > Br > Cl) 
corresponds to their adsorbability (Sollner, 1949, p. 1221) it is attractive 
to suppose that the alteration of electric field which might result from 
adsorption is responsible for the shift in the reiation between tension and 
membrane potential. Some years ago, Mr A. F. Huxley suggested that 
calcium ions might raise the electrical threshold by adsorption at the 
outer edge of the membrane (see Frankenhaeuser & Hodgkin, 1956). 
Adsorption of an external anion should have the opposite effect and might 
reduce both electrical and mechanical thresholds. The experiments of 
Hutter & Padsha (1959) indicate that both thresholds are reduced by 
nitrate, but that the effect on the mechanical threshold is greater than 
that on the electrical threshold. This is not necessarily an objection, 
since the parts of the membrane concerned with propagation and mechanical 
activation might be spatially separated and might have different affinities 
for anions. Thus the sites responsible for the action potential are likely 
to be on the surface, whereas those concerned with activating the contrac- 
tile system may be located in a tubular component of the endoplasmic 
reticulum (see Huxley & Taylor, 1958). Although this last suggestion is 
highly speculative it does have the advantage of explaining why the 
effects of NO, on twitch amplitude are slower than those of Na on 
propagation. 

Hutter & Noble (1960) suggested that the effect of foreign anions on 
the twitch may be partly due to their action in prolonging the spike and 
after-potential and in increasing the amplitude of the after-potential. 
Our experiments suggest that an additional factor, which is likely to be 
at least as important, is the shift towards the resting potential of the 
relation between tension and membrane potential. On this basis the 
potentiating effect of foreign anions on the twitch could be attributed 
partly to increased activation during the spike and partly to a reduction 
of the mechanical threshold below the level of the after-potential. 

Hill & Howarth (1957) showed that a rise in potassium concentration 
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caused a large increase—up to 30 times—in oxidative heat productic 
With Cl-Ringer’s fluid the effect started at about 10 mm-K and reache 
a maximum at 20-mm-K; with NO,- or I-Ringer, K was effective at 5 
70 % of the concentrations needed in solutions containing chloride. Therg 
is thus a striking but not an exact parallel between the effects of increasir 
K on the contractile system and on the rate of heat production. In both 
cases foreign anions augment the effect of K, but the concentrations 
which K first has a detectable effect are higher for the mechanical th 
for the metabolic response. As Hill & Howarth remarked, it seems thai 
a depolarization somewhat less than that required to induce contraction 
can release some of the chemical reactions that are normally set in motion) 


by excitation. 
SUMMARY 


1. In confirmation of previous work on whole muscle, the potentiating} 
effect of anions on the twitch of single muscle fibres was Cl < Br < 


NO, < I < SCN. 
2. The effect of the anions on twitch amplitude took place with a delay 


of 1-3 sec. 
3. 120 mm-NO, or 12 mm-SCN reduced the potassium concentration 
required to induce a given tension by a factor of about 2. 
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